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Two-dimensional (2D)-layered MoS2 layers have exhibited a broad set of unusual and 
superior material properties unattainable in any traditional bulk materials, drawing significant 
research interests nowadays. For instance, they present excellent semiconducting properties 
accompanying high carrier mobility and large current ON/OFF ratio as well as extensive in-plane 
strain limit and thickness, projecting high suitably for emerging flexible and stretchable 
electronics. Such properties and applications strongly depend on the physical orientation and 
chemical composition of constituent 2D layers. 2D MoS2 layers chemically grown in two distinct 
orientations, e.g., horizontal alignment for electronics and optoelectronics, and vertical alignment 
for electrochemical and sensing applications. Moreover, 2D heterostructure layers composed of 
vertically stacked dissimilar 2D TMDs held via weak van der Waals (vdW) attractions offer unique 
2D/2D interfaces, envisioned to display exotic material properties, unattainable in their 
monocomponent counterparts. However, the underlying principle of their layer orientation-
controlled growth and integrations are not well suited for scalable production, leaving their 
projected technological opportunities far from being realized for various novel applications. 
Herein, I study various aspects of 2D MoS2 layers that were studied from their large-area layer-
orientation controlled growth and heterostructures integration to applications in stretchable 
electronic devices. I developed a chemical vapor deposition (CVD) synthesis, which can grow 
large-area (> cm2) 2D MoS2 layers in a layer-controlled manner and investigated their underlying 
growth mechanism. I then developed a viable transfer approach of the as-grown 2D layers and 
integrated them into secondary target substrates to realize a new type of 2D MoS2-layers based 
heterostructures. To further extend their layer-controlled CVD growth and integration approach, a 
iv 
high-performance stretchable 2D MoS2-based electrical sensors were demonstrated on the 
elastomeric substrates with unconventional structural layouts. This study paves the way to explore 
this emerging atomically-thin material in realizing a wide range of unusual device and technologies 
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1.1 Motivation and Background 
 
Recently, two-dimensional (2D) transition metal dichalcogenides (TMDs), such as 
molybdenum (or tungsten) disulfides (MoS2 or WS2), have attracted unprecedented scientific and 
technological interests owing to their extraordinary physical, chemical, electronic, and 
mechanical properties. In particular, their unique combination of anisotropic crystal structure, 
atomic-scale thickness, tunable bandgap (∼1.2–1.8 eV), and very high in-plane strain limit 
(>30%) make them interesting for fundamental studies and applications in high-end flexible 
electronics, optoelectronics, electrochemical, sensing, and environmental applications [1-3].  
Figure 1: Number of publications per year of various 2D materials from 2009 to 2019[ Extracted 
from Web of Science. Available at: http://apps.webofknowledge.com [Accessed 19 Jul. 2019], 
searching keywords are Mxene, Black Phosphorus, and MoS2.  
 
2D MoS2 is one of the most widely studied materials in the TMDs family, owing to its 
indirect to direct bandgap transition, robustness, non-toxicity as compared to their selenide and 
2 
telluride, ease of fabrication, and abundance of constituent elements [4]. Figure 1 is a year-wise 
publication list of 2D materials; Mxene, Black Phosphorus, and MoS2, clearly indicate a rising 
trend of 2D MoS2 research as rapidly growing attention to the scientists as compared to other 2D 
materials from 2009 to 2019.  
 
 
Figure 2:  Schematics representation for the concept of the horizontal and vertical growth of 2D 
TMDs. The horizontal layers; (a) Side-view, (b) projected-view, (c) High-resolution transmission 
electron microscopy (TEM) image. The vertical layers; (d) Side-view, (e) projected-view, (e) Top 
view of the high-resolution TEM image. Figure (c,e) adapted with permission from 
references[5,6]. 
 
Intriguingly, the captivating physical and chemical properties of the 2D MoS2 depend on 
the terrace and edge sites, which is attributed to their horizontal and vertical orientation, 
respectively (in figure 2). For instance, the exposed terrace sites of their horizontal layers have 
been demonstrated for electronics and optoelectronics devices owing to its indirect-to-direct 
bandgap transition and high on/off ratios (>105). In contrast, the vertically-aligned 2D MoS2 
exhibits a rich set of dangling bonds on their chemically reactive 2D edges, which have very high 
3 
adsorption energy as compared to their chemically inert basal plane. Moreover, the edges of this 
vertically-aligned 2D MoS2 contain high d-orbital electron density, which provides strong binding 
interactions with outside environment/molecules[7]. Because of this high chemical/physical 
adsorption on the surface, there is a dramatic change in electrical properties when interacting with 
analytes. Hence, the vertically-aligned 2D MoS2 layers are ideal for detecting chemical or 
biological molecule sensing via storing or transferring charges. Thus, we can take advantage of 
the exquisite sensitivity of the 2D MoS2 by controlling the physicochemical variables of the 
surroundings to open new technological breakthroughs to enable cutting edge and transformative 
advances beyond existing materials[5,8-12].  
 
Figure 3: (a-c) 2D TMDs heterostructures are analogous to Lego blocks. Here, different layered 
TMDs are considered as atomically thin Legos. The construction of a wide variety of layered 
structures becomes possible with this concept, adapted with permission from reference [13]. (d-e) 
Schematic representation of the layer orientation with (d)both horizontal and (e) horizontal to 
vertical heterostructure.  
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Figure 4: Schematics for the overview of chemical vapor deposition (CVD) grown 2D TMDs 
heterostructure displaying from single crystal and continuous films to device applications, adapted 
with permission from reference [2].  
 
2D heterostructures are composed of vertically stacked dissimilar materials on top of each 
other similar to the Lego blocks, as depicted in figure 3(a-c). They provide a unique platform to 
create an almost unlimited number of elements with novel properties and applications [14]. A 
distinct feature attributed to 2D TMDs is the weak van der Waals (vdW) interactions between 
consecutive layers without lattice match constraints, which allows significant freedom in growth 
and heterogeneous integration at the atomic level. This groundbreaking opportunity for the 
flexible integration of different materials has been widely used as the essential building blocks to 
explore new electronics and optoelectronic devices with unprecedented speed and flexibility 
[15,16]. The performance of the heterostructure devices mostly depends on the 2D material 
5 
quality, including defect, grain boundaries, and significant scattering across vdW gaps. 2D MoS2-
based heterostructures have mainly been produced by mechanical exfoliation and CVD co-
evaporation methods. These approaches were unsuccessful in addressing the issues mentioned 
above. Moreover, the dangling bond free atomically sharp heterointerface is critically important 
to realize unique carrier transfer behaviors (e.g., interlayer quantum coupling effect). 
The crystallographic orientation (i.e., relative alignment of the lattice) of 2D MoS2 and 
their heterostructures has a significant impact on their material properties. Although traditional 
exfoliation and restacking methods offer atomic-level integration, their intrinsic non-scalability 
hindered their applications for practical devices. Furthermore, the fixed orientation 2D layers 
achieved by the conventional layer-by-layer stacking usually hindered their diverse 
applications[15,17-19]. Therefore, a viable growth strategy of the large-area 2D TMDs 
heterostructures is demanded for an in-depth understanding of their hetero-interface at the atomic 
level, layer orientation control, and interlayer interaction to leverage their true potentials in 
electronics/optoelectronics applications. For the potential applications of 2D TMDs vdW 
heterostructures, one of the top challenges is how to produce wafer-scale thin films with 
controlled layers and spatial homogeneity. There have been considerable efforts employed to 
develop various synthetic approaches for the preparation of various 2D TMDs, including vapor-
phase chemical reactions, wet-chemical synthesis, and liquid exfoliations. The most common 
synthesis method, the CVD co-evaporation method, yields 2D TMDs with limited spatial 
homogeneity and uncontrolled morphologies owing to uncontrollable growth variables. 
Moreover, mechanical exfoliations were used for initial fundamental studies, which resulted in 
low yields and poor uniformity in the film. Hence, this method is impractical for scalable 
fabrication. Considerable efforts have also been devoted to developing a novel synthetic strategy 
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for 2D vdW heterostructures growth to overcome the bottlenecks of previously explored   
mechanically assembled complex vdW heterostructures. Remarkably, the layer orientation-
controlled growth of the subsequent 2D layers on to the pre-existing 2D layers is quite challenging 
and unexplored in the previous studies. Therefore, it is essential to develop a scalable synthesis 
approach to grow 2D TMDs heterostructure with precisely controlled chemical composition, 
physical dimensions, and layer orientation [13,15,20-27]. The CVD based on the predisposition 
of metal seed layers is the most effective method for the controllable synthesis of atomically thin 
2D TMDs layers [28,29]. Both vertically and horizontally-aligned 2D MoS2 layers  can be 
fabricated with this method [30]. Since the thickness of the pre-deposited Mo film determines the 
thickness and size of the obtained MoS2 thin film, it is projected that high quality, controllable 
orientation/thickness, and large-scale production can be obtained from this  CVD process[5,31].  
CVD growth of 2D MoS2 layers usually depends on high temperature processes (~800 
0C) 
with robust growth substrates (e.g. SiO2) and is not compatible with soft/flexible substrates (e.g. 
plastics). In order to realize the aforementioned promise of 2D MoS2 for emerging flexible 
electronics, it is critically demanded to develop a reliable and deterministic transfer approach 
which can separate as-grown 2D MoS2 from their original growth substrates maintaining both 
morphological and physicochemical properties intact. 
 However, this transfer and integration of as-synthesized 2D MoS2 is also challenging 
owing to the extreme mechanical delicacy of their atomically thin structure. The most commonly 
used method relied on the sacrificial polymethyl methacrylate (PMMA) layer and wet etching of 
the growth substrate, which leads to degrading film quality. Moreover, undissolved PMMA 
residue trapped and surface got contaminated, which leads to deteriorating intrinsic material 
properties and unreliable device fabrication [8,32,33]. In another study, polylactic acid (PLLA) 
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has been used, which involves additional fabrication steps (including deposition, dissolving, and 
washing). This method is even more complicated and tedious for heterogeneously stacking up 
multiple 2D layers to a variety of unconventional substrates [34-37]. Moreover, integration of 2D 
TMDs heterostructure layers mainly involves strong chemical etchant, buffered oxide etchant 
(BOE) or potassium hydroxide (KOH), which significantly degrade material quality at the 2D 
MoS2/SiO2 interface. Therefore, a deterministic transfer/integration of 2D TMDs heterostructure 
is necessary for their scalable device fabrication. Furthermore, the transfer/integration of 
vertically-aligned 2D MoS2 layers onto flexible substrates was mainly unexplored before this 
study [31,34,38]. The higher in-plane strain limit of 2D MoS2 (>4× than silicon) and diverse 
functionalities offer new venues for 2D flexible technologies, which explores a wide range of 
applications impossible with conventional electronic materials and/or rigid devices based on 
them[39]. In addition to mechanical flexibility, stretchable characteristic provides a further level 
of distinction for reliable and conformal integration of 2D MoS2 layers into wearable devices, 
which can tolerate large deformation without compromising device performance. Therefore, it is 
essential to develop a reliable strategy to explore an unconventional structural layout of 2D MoS2 
for a high-performance stretchable/wearable optoelectronics and sensor devices [40-44].   
 
1.2 Thesis Statement and Organization 
 
Chapter two starts with a background discussion of 2D MoS2, including crystal structure, 
electronic, optical, mechanical, and chemical properties. Various synthesis methods of the 2D 
MoS2 will be discussed in this chapter.     
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After the background information, the experimental methodologies are presented in 
chapter 3. In this chapter, the experimental procedure for the CVD growth of 2D MoS2/WS2 
heterostructures and the horizontal and vertical growth methods of 2D MoS2 will be explained. 
Moreover, all characterization techniques used in this dissertation, including Raman, electrical 
measurement, photocurrent measurement, scanning electron microscopy (SEM), and TEM 
analysis, will be addressed. Furthermore, gas and humidity sensing measurement techniques are 
to be explained in this chapter.   
Followed by the experimental procedures, a novel growth strategy of 2D MoS2-based 
vertical heterostructures is presented in chapter 4. This chapter reveals their underlying growth 
mechanism in both experimental and theoretical aspects.   
In chapter 5, transfer and integration methods for 2D MoS2 layers and their 
heterostructures are presented. In particular, Gold (Au) assisted growth, transfer, and integration 
of these materials have been demonstrated. Moreover, photoresponse and rectification properties 
are to be presented to verify the effectiveness of the transfer and integration approach.  
Chapter 6 presents the growth, transfer, and integration of vertically aligned 2D MoS2 
for improved sensing applications and their tunable mechanical properties. Here, water-assisted 
transfer of vertically grown 2D MoS2 on flexible substrate will be demonstrated. The 3-D 
patterned pillars were used as a growth template to enhance the edge density of vertically aligned 
2D MoS2.  
Chapter 7 demonstrates stretchable gas sensors with vertically aligned 2D MoS2 layers 
of serpentine geometry. A facile water-assisted layer transfer method was used to integrate 
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vertically aligned 2D MoS2 layers on elastomeric PMMA substrates. Electrical, Raman, and 
photoresponse characterizations were performed combined with tensile strain to study their 
mechanically-modulated material properties. Moreover, real-time gas sensing measurements 
will be explained before and after a 40% tensile strain.    
















CHAPTER-2: THEORETICAL BACKGROUND 
 
2.1 Crystal Structure of 2D MoS2 
 
A large family of 2D TMDs exhibit diverse carrier transport properties such as 
semiconducting, metallic, insulating, and superconducting. These properties are depending 
on their crystal structure, phases, size, doping, and defects. Figure 5 showed a large family 
of 2D TMDs which can be obtained by transition metals with the chalcogen atoms. Among 
these family members, MoS2 is one of the most widely studied materials owing to its superior 
material properties.  
 
Figure 5: The periodic table of the elements, more than 80 members of the 2D TMDs compound 
exist by combining transition metal with the chalcogen atoms, adapted with permission from 
reference [3]. 
 
2D MoS2 layers mainly consist of two different crystalline phases, as shown in figure 6, 
the hexagonal (2H) and octahedral (1T). The 2H phase is semiconducting and  
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thermodynamically more stable, hence extensively used for electronic applications. The 1T phase 
is metallic, obtained through intercalating 2H-MoS2 with alkali metals that are in a tetragonal 
symmetry[45]. In a general form, a metal atom(M) is sandwiched between two chalcogen atoms 
in each unit cell of the 2D layer. 
 
Figure 6: Schematics of the crystal structure of single-layer MoS2 (a) trigonal prismatic (b) and 
octahedral structure adapted from reference [45].  
 
Bulk MoS2 consists of a large number of vertically stacked monolayers which are linked 
via vdW forces while there is a strong covalent bonding their in-plane between Mo and S atoms. 
The monolayer of MoS2 consists of a single sheet of Mo atoms sandwiched in between two S 
atoms, forming a 2D hexagonal crystal structure. The thickness of each 2D layer is  ≈6.5 Å, the S-
S distance is ≈3.2 Å, the covalent bond length of Mo-S is 2.43 Å, and the S–Mo–S bond angle is 
≈80.56°  [45].  
2.2 Properties of 2D MoS2 
 
2.2.1 Electronic and Optical Properties of 2D MoS2 
 One of the most exciting electronic properties of 2D MoS2 is that its indirect-to-direct bandgap 
change with reducing 2D layer number. The direct bandgap depends on the localized d orbital of the 
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transition metal (e.g., Mo, W), which is minimally affected by the interlayer coupling owing to its location 
in the unit cell and the quantum confinement effect. On the other hand, the indirect bandgap of this material 
depends on the overlap of the d-orbital of transition metal and p-orbital of chalcogen atoms, which strongly 
depends on the interlayer coupling[46]. Bulk MoS2 is an indirect-gap semiconductor with a bandgap of 1.29 
eV, and monolayer 2D MoS2 presents a bandgap of 1.9 eV. The bottom of the conduction band and the 
top of the valence band of bulk MoS2 are located in between the K and Γ points and at the Γ point 
in the Brillion zone, respectively. The unit cell of individual 2D layers consists of two hexagonal planes 
of S atoms and a Mo atom in between with covalently bonded S atoms in a trigonal prismatic arrangement, 
as shown in figure 7 [47].  
               
 
Figure 7: (a-b) The lattice structure of 2D MoS2 in both the in-plane and out-of-plane directions. 
(c) A band diagram of bulk MoS2, showing the lowest conduction band c1 and the highest split 
valence bands v1 and v2. A and B are the direct-gap transitions, and I is the indirect-gap transition 
where E′g and Eg are the bandgap of the bulk and monolayer, adapted with permission from 
reference[48]. 
 
2D MoS2 layers have high promise for potential applications in various optoelectronic devices, 
including light-emitting diodes, transistors, photovoltaic devices, photodetectors, and lasers. In 
                                        
(b)               
                                        
(c)               
                                       
(a)               
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particular, the optical and electronic properties are extremely sensitive to 2D MoS2 layer 
thicknesses owing to inter-layer coupling and quantum confinement effects [49]. 
 
 
Figure 8: The optical transition of at the K-point in the monolayer, bilayer, and bulk 2D MoS2 
layers, the A excitonic peak shift originated from the 1st exciton level. The reduction in the exciton 
levels offset with increasing valence band splitting energy; hence, the B-exciton peak did not 
change. Adapted with permission from reference [50].  
 
 
Figure 8 shows the optical absorption properties of 2D MoS2 with varying 2D layer number 
explained by a simplified band transition model [50]. Two excitonic peaks are observed 
corresponding to A and B from the K-point of the Brillouin zone. The peak A is shifted due to the 
change of exciton binding energy or the gap between the lowest conduction band and the highest valence 
band at the K-point or a combination of both effects. However, the excitonic peak B does not change 
noticeably as a function of 2D layer number as the decrease in exciton level was offset owing to the 
valence band splitting.  
14 
The bandgap transition of 2D MoS2 layers manifested by optical absorption is can be confirmed 
by photoluminescence spectroscopy as well. Owing to the spin-orbit-coupling, the photoluminescence 
spectra of 2D MoS2 exhibit two excitonic peaks corresponding to A and B direct exciton transition. The 
photoluminescence studies reveal that 2D MoS2  exhibit increasing bandgap energy with 
decreasing 2D layer number accompanying indirect-to-direct bandgap transition [51-53].  
2.2.2 Mechanical Properties 
Unique mechanical properties of 2D MoS2 layers result from their intrinsically large in-
plane strain limit coupled with atomic-level thickness. Moreover, the vdW attraction responsible 
for the molecular binding of individual 2D layers also determines their shear, friction, and fracture 
behaviors. 2D MoS2 layers exhibit superior mechanical properties as compared to conventional 
bulk semiconductors owing to their strong in-plane covalent bonding. Both monolayer and bulk 
MoS2 possess higher in-plane stiffness than steel; i.e., Young’s modulus of monolayer and bulk 
MoS2 are 270 ± 100 GPa and ≈240 GPa, respectively, whereas this value is ≈205 GPa for steel. 
This exceptional mechanical stiffness, combined with a large in-plane strain limit, makes them 
suitable for stretchable and flexible device applications [4,29]. Electronic structures of 2D MoS2 
layers are also affected by their mechanical deformation; e.g., their bandgap is known to decrease 
with increasing tensile strain [54-57]. This mechanically tunable electronic properties project great 
promise for emerging stretchable and wearable electronic and optoelectronic technologies[58,59].  
2.2.3 Chemical and Sensing Properties 
2D MoS2 layers possess intrinsic structural advantages such as very high surface-to-volume 
ratio and ample dangling bonds-exposed on their 2D edge sites for highly sensitive gas or humidity 
sensing applications. These property advantages become further pronounced with vertically 
aligned 2D MoS2 layers, which predominantly expose 2D edges and enriched unsaturated dangling 
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bonds on the surface. These surface-exposed 2D edges offer very high physical or chemical 
adsorption as compared to the chemically inter basal planes of horizontally aligned 2D layers. For 
instance, the interaction between 2D MoS2 layers and analytes occurs via the physical adsorption 
through non-covalent interactions on their surface, which is desirable for quick response, recovery, 
and repeatability [31,60-62].  
 
2.3 Synthesis Methods of 2D MoS2 
 
Large-area, spatially continuous, and chemically homogenous 2D MoS2 layers with 
uniform properties are the essential prerequisite for practical device applications. Several 
challenges are needed to be addressed for exploiting their technological potentials, including (i) 
preparation of high-quality wafer-scale samples, (ii) their reliable transfer and integration onto 
secondary substrates, (iii) retention of intrinsic structural morphology and chemistry. Figure 8 
shows an overview of various conventional approaches for the synthesis of single-layer material.  
2.3.1 Mechanical Exfoliation Method 
 
Figure 9: (a-b) The mechanical exfoliation of 2D MoS2 layers with scotch tape; (a) Camera image. 
(b) Optical image of the single-layer MoS2 transfer with random flakes with irregular shape and 
size. (c-d) Schematic representations of the of the liquid-mediated exfoliation process; ()  Adapted 
with permission from reference[63,64]. 
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The mechanical exfoliation method originates from the manual peel-off of graphene using 
a scotch-tape and still being used to prepare for MoS2 and other 2D materials. Figure 9 shows 
mechanically exfoliated 2D MoS2 transfer processes and their individually isolated monolayer 
flakes. This method can usually isolate monolayers of relatively small size (~5 µm) from their bulk 
crystals and transfer them to secondary substrates. This approach has been mainly utilized for the 
proof-of-concept demonstration and investigation of their materials properties for fundamental 
sciences. However, this exfoliation method cannot produce large-area 2D layers of controlled layer 
numbers, size, orientation, and phase; therefore it remains impractical for industrial-scale 
production [45,65].   
2.3.2 Liquid Exfoliation Method 
Ultrasonication-mediated liquid-phase exfoliation has been used to separate 2D MoS2 
layers from the bulk. This process is schematically shown in figure 9(c). In this method, the waves 
from the ultrasonication can propagate through the organic solvents. Therefore, vibration and 
cavitation energy inputs are generated due to the alternating high and low pressure. The process is 
continued until dispersed 2D layers are separated. A large quantity of 2D layers can be yielded 
from this method with irregular shapes and random orientations. As we need to add chemicals to 
prevent the recombination of 2D materials, their material quality is lower[45,66]. Moreover, a 
destructive chemical etching is required for thinning 2D layers to produce a mono or few-layered 
MoS2. As an alternative strategy, the chemical intercalation process has been developed based on 
inserting a small atom within the interlayer space of the bulk MoS2. 2D MoS2 loss its 
semiconducting properties with this process as the structural/phase changes in 2D crystals 




Figure 10: An overview of the conventional 2D TMDs synthesis approaches, adapted with 
permission from reference [66].  
 
2.3.3 Chemical Vapor Deposition Method 
Controllable synthesis of large-area 2D MoS2 layers with a high level of uniformity and 
efficiency is a prerequisite for their scalable device applications.  However, as above verified, the 
conventional methods based on mechanical or chemical exfoliations produce 2D layers of high 
inhomogeneity, i.e., uncontrolled 2D layer size, thickness, and areal coverage, etc. CVD is a viable 
method for the synthesis of high-quality 2D MoS2 layers of controlled morphology. This method 
has been widely used for the synthesis of graphene, hexagonal boron nitride (h-BN), and other 2D 
TMDs [67].  
In the CVD process, a chemical reaction of vaporized precursors containing chalcogen (e.g., 
S) and transition metals (e.g., Mo) happens, which leads to that solid-phase 2D layers (e.g., MoS2) 
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condensates on the surface of a growth substrate [21]. For a large-area growth of 2D TMDs, CVD 
has been considered as one of the most successful routes. A variety of CVD methods and relevant 
approaches (e.g., powder vaporization, chemical vapor transport, etc.) have been developed, as 
illustrated in figure 10. CVD growth of 2D MoS2 layers has been mostly performed by the co-
evaporation of solid-state precursors (e.g., MoO3 and S powders), which generally yield 2D flakes 
of uncontrolled structural morphology and incomplete surface coverage.   
 
 
Figure 11: The metal seed layer-based one-step CVD growth process. (a) Schematic diagram of 
the CVD growth process. (b) A large-area growth process. (c) A patternable growth process. (d) 
A controllable layer thicknesses. Figure (b-d) adapted with permission from reference[12,68,69].  
 
We developed a one-step CVD growth process which employs the chemical reaction of 
pre-deposited metal seed layers (e.g., elemental Mo thin films), offering distinct advantages of 
improved structural homogeneity and uniformity. Figure 11(a) illustrates the schematic of this 
(a) 
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CVD process, and figure 11(b-d) demonstrates its large-area scalability, patternablity, and layer 





















CHAPTER-3: EXPERIMENTAL DETAILS 
 
3.1 Experimental Methods for the Layer Orientation Control Growth  
 
The contents of this section have been published in: Choudhary, N., Chung, H., Kim, J., 
Noh, C., Islam, M., Oh, K., Coffey, K., Jung, Y. & Jung, Y. “Strain-Driven and Layer-Number-
Dependent Crossover of Growth Mode in van der Waals Heterostructures: 2D/2D Layer-By-Layer 
Horizontal Epitaxy to 2D/3D Vertical Reorientation,” Advanced Materials Interfaces 5, 1800382 
(2018). 
3.1.1 Fabrication of WO3 nanowires 
Single crystalline faceted WO3 nanowires were fabricated by the thermal oxidation of a 
thin W foil. In a typical fabrication process, ten wt.% potassium hydroxide (KOH) solution was 
drop-casted on the surface of a W foil, followed by a spin coating at 2000 rpm for 15 seconds. The 
KOH deposited W foil was subsequently heated at 650ºC for 2 hours inside a quartz tube furnace 
in an ambient condition. Hereafter, the sample was naturally cooled down to room temperature, 
followed by rinsing with deionized (DI) water and drying overnight at room temperature.  
3.1.2 Growth of 2D MoS2/WS2 Vertical Stacks 
As-prepared WO3 nanowires were placed at the center of a quartz tube furnace with an 
alumina boat containing sulfur powder (99.99% purity, Sigma-Aldrich) located at the upstream. 
The quartz tube was subsequently evacuated to a base pressure of ~10-3 m Torr and flushed several 
times with argon (Ar) gas. The sulfurization was performed by heating the furnace ~850 °C (ramp 
rate: ~20 °C/min, dwell time: 40 min) under a flow of Ar (200 standard cubic centimeters per 
minute (sccm)), followed by natural cooling in an inert environment. The layer number of 2D WS2 
layers was controlled by varying the sulfurization dwell time under a continuous supply of 
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vaporized sulfur. Subsequently, Mo films of controlled thickness were deposited on the surfaces 
of 2D WS2 layers-grown WO3 nanowires via e-beam evaporation. The nanowires were 
subsequently sulfurized following the identical experimental procedure as above. 
 
Figure 12: A picture of the CVD furnace used to grow 2D MoS2 and heterostructures in this study.  
 
3.1.3 TEM Characterizations 
All TEM and scanning transmission electron microscopy (STEM) characterizations were 
performed using a Cscorrected TEM (JEOL-ARM200F) at an accelerating voltage of 200kV. 
Annular dark-field (ADF), ADF STEM analysis, was conducted under the following conditions; 
probe current: ~20pA, condenser aperture: 30µm, and camera length: 6cm. An energy dispersive 
X-ray spectroscopy (EDS) in STEM (STEM-EDS) analysis was performed using an EDAX 
detector (SDD type 80T) and analysis software (AZtecTEM, Oxford). Cross-sectional TEM 
samples were prepared by focused ion beam (FIB; Quanta 2D FEG, FEI) milling/lift-out 
techniques. As-prepared nanowires were deposited with a ~100 nm thick carbon (C) and platinum 
(Pt) layers and were subsequently cross-sectioned via FIB gallium (Ga) ion milling at 30keV. The 
prepared TEM sample was transferred onto a copper (Cu) TEM grid using a micromanipulator 
(Omniprobe) inside the FIB.  
22 
3.2 Experimental Methods for the Heterostructure Integration 
 
The contents of this section have been published in: M. A. Islam, J. H. Kim, A. Schropp, H. 
Kalita, N. Choudhary, D. Weitzman, S. I. Khondaker, K.  H. Oh, T.  Roy, H.-S. Chung, and Y. Jung, 
Centimeter-Scale 2D van der Waals Vertical Heterostructures Integrated on Deformable 
Substrates Enabled by Gold Sacrificial Layer-Assisted Growth. Nano Letters, 2017, 17, 
6157−6165.        
3.2.1 CVD Growth   
A commercial SiO2/Si wafer is cut into ∼2 × 2 cm2 pieces followed by sequential cleaning 
with acetone and methanol. The wafer pieces are sequentially deposited with Au (∼50−100 nm), 
SiO2 (∼300−450 nm), and metals (Mo and W: ∼4−6 nm) by electron beam evaporation (Temescal 
FC-2000 evaporator). The prepared substrates are loaded into a quartz tube CVD furnace which is 
pumped down to <1 mTorr. After purging with argon (Ar) gas, the furnace is heated up to 
∼650−700 °C with a flow of Ar [100 standard cubic centimeters per minute (SCCM)] at an 
operating pressure of ∼100 mTorr. After ∼30 min reaction, the furnace is naturally cooled down, 
and the substrate is taken out of the furnace. It is observed that the color of the substrate changes 
from silver to dark green, which indicates the sulfurization of Mo and W. Growth conditions for 
2D MoS2/WS2 on SiO2/Au substrates are identical for those for 2D MoS2 on Au. 
3.2.2 Lift-off and Transfer 
2D MoS2/WS2 layers were grown on SiO2/Au-based substrates with or without PL are 
immersed in water. Prior to the immersion, small areas on the corners of the samples are exposed 
by mechanical scratch, which is to facilitate the water penetration into the Au/SiO2 interface. After 
the water immersion, the samples are taken out of the water bath, and the samples are mechanically 
separated by using a tweezer. Before the 2D layer integrations, the exposed SiO2 on the samples 
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is removed by BOE. A thermal release tape (Semiconductor Equipment Corp.) is directly attached 
to as-grown 2D MoS2 layers on Au-deposited substrates following water immersion. The tape with 
the 2D MoS2/Au layers is manually detached from the growth substrate upon heating at 130 °C at 
a hot plate. Au residuals on the backside of the MoS2 can be removed by Au etchant (iron chloride, 
FeCl3). 
3.2.3 Raman and TEM Characterizations 
Raman spectra were collected using the Almega XR Raman spectrometer equipped with 
an Olympus BX51 microscope at a laser wavelength of 532 nm. The crystalline structure and the 
chemical composition of as-grown 2D layers were characterized using a JEOL ARM200F FEG-
TEM/STEM with a Cs-corrector. STEM-EDS analysis was carried out using an EDAX detector 
(SDD type 80T) and analysis software (AZtecTEM, Oxford). All TEM/STEM operations were 
performed at an accelerating voltage of 200 kV. Cross-sectional TEM samples were prepared by 
focused ion beam (FIB; Quanta 2D FEG, FEI) based milling and lift-out techniques. As-grown 2D 
TMDs were deposited with ∼100 nm thick carbon (C) and platinum (Pt) layers and were 
subsequently cross-sectioned inside a FIB via gallium (Ga) ion milling at 30 keV. The prepared 
TEM specimen was placed onto a Cu TEM grid with a micromanipulator (Omniprobe) inside the 
FIB. 
3.2.4 Electrical and Photoresponse Characterizations 
2D MoS2/Au layers transferred to a Cu foil were selectively covered with a 
polydimethylsiloxane (PDMS) window. Diluted p-type SWNTs in solution were deposited on the 
exposed 2D MoS2 extending to the surface of the PDMS window. Silver (Ag) paste is directly 
applied to the SWNT on PDMS for a top contact, and the bottom contact is connected to the 
backside of Cu foil. Electrical and photoresponse characterizations were performed at room 
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temperature in Micromanipulator 6200 probe station using a semiconductor parameter analyzer 
(KEYSIGHT B1500A). The device is globally illuminated with a white light source (intensity: 20 
W/m2), and output characteristics were obtained before and after illumination. 
 
3.3 Experimental Methods for the Flexible Humidity Sensor 
 
The contents of this section have been published in: Islam, M., Kim, J., Ko, T., Noh, C., 
Nehate, S., Kaium, M., Ko, M., Fox, D., Zhai, L., Cho, C., Sundaram, K., Bae, T., Jung, Y., Chung, 
H. and Jung, Y. (2018). Three-dimensionally ordered 2D MoS2 vertical layers integrated on 
flexible substrates with stretch-tunable functionality and improved sensing capability. Nanoscale, 
10(37), pp.17525-17533 
3.3.1 Growth of 2D MoS2 With Vertically-aligned Layers 
Ultra-high purity (99.99%) molybdenum (Mo) was deposited (thickness; typically, >8 nm) 
onto three-dimensionally ordered SiO2/Si pillars prepared by a standard photolithography process. 
The Mo deposition was carried out by using an electron beam evaporator (Thermionics VE-100) 
at a deposition rate of 0.15 Å s−1. MoS2 growth was carried out with a single-zone horizontal tube 
furnace (Lindberg/Blue M) equipped with a 1-inch diameter quartz tube. The Mo-deposited pillar 
substrate was placed at the center of the heating zone with 100 mg of sulfur (S) powder (99.5%, 
Sigma Aldrich) separately placed at the upstream side. The tube was then pumped down to 1 mTorr 
base pressure followed by heating up to 650 °C for 30 minutes at a ramping rate of 43 °C min−1. 
Ultra-high purity argon (Ar) gas (flow rate: 100 SCCM) was supplied throughout the CVD reaction, 
and the furnace was naturally cooled down to room temperature. The Ar gas was provided all the 
time until a room temperature reach. The sample is then taken out from the quartz tube very 
carefully for subsequent fabrication processes.  
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3.3.2 2D Layer Transfer and Integration 
PDMS was spin-coated onto the 2D MoS2/SiO2/Si pillar substrate and was subsequently 
dried at room temperature for one day. The completely cured PDMS-coated sample was then 
immersed in water for a few hours. Before the water immersion, a corner of the sample was 
scratched and opened with a sharp object, which is to facilitate the penetration of water into the 
sample. The 2D MoS2/PMMA film was then manually peeled off from the SiO2/Si pillar template 
substrate and dried by blowing air. 
3.3.3 Raman, SEM, TEM, and Optical Characterization 
Raman characterization was performed using a Renishaw RM 1000B Micro-Raman 
Spectrometer with a laser wavelength of 514 nm and a spot size of 1 μm. The SEM characterization 
was performed with a field-emission SEM (SU 8230, Hitachi) equipped with an X-ray energy dispersive 
spectrometer. TEM characterization was performed with a probe-corrected TEM (ARM200F, JEOL) 
operating at 200 kV. The optical absorbance of 2D MoS2 layers/PDMS at varying stretch levels was 
characterized by UV-Vis spectroscopy (Cary WinUV spectrometer) in the wavelength range of 200–
800 nm. 
3.3.4 Humidity Sensing Characterization 
The humidity sensing performance was evaluated by the two-terminal current-voltage (I–
V) characterization of gold (Au) electrode-deposited samples using a home-built humidity 
chamber. The level of relative humidity inside the chamber was controlled by gradually 
introducing vaporized water and nitrogen (N2) gas, inspected by using a commercial humidity 
monitor. I–V characteristics were recorded with a semiconductor parameter analyzer (HP 4156A) 
connected with a home-built probe station. The mechanical bending of the sample was ensured by 
employing a circular object underneath the backside of the sample while the metal contacts on the 
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sample are extended to copper wires. All the humidity sensing tests were performed at room 
temperature at an applied voltage of -5 V to +5 V. The relative humidity was precisely monitored 
with the commercial humidity monitor, which was placed inside the humidity chamber.  
3.3.5 DFT Calculation 
Density functional theory (DFT) calculations were conducted using the Vienna ab 
initio simulation package (VASP). The projector represents interactions between electrons and 
nuclei augmented wave (PAW) pseudopotentials with generalized gradient approximation (GGA) 
of the Perdew–Burke–Ernzerhof (PBE) formulation. The Brillouin zone was sampled using a 
Monkhorst–Pack grid of 7 × 7 × 3 k points and cut-off energy of 400 eV was used. Besides, DFT-
d3 correction was applied to account for the vdW interactions [70-73]. 
 
3.4 Experimental Methods for the Stretchable Gas Sensing 
3.4.1 Growth of 2D MoS2 With Vertically-aligned Layers 
Ultra-high purity (99.99%) molybdenum (Mo) was deposited (thickness; typically, >8 nm) 
onto three-dimensionally ordered SiO2/Si pillars prepared by a standard photolithography process. 
The Mo deposition was carried out by using an electron beam evaporator (Thermionics VE-100) 
at a deposition rate of 0.15 Å s−1. MoS2 growth was carried out with a single-zone horizontal tube 
furnace (Lindberg/Blue M) equipped with a one inch-diameter quartz tube. The Mo-deposited 
pillar substrate was placed at the center of the heating zone with 100 mg of sulfur (S) powder 
(99.5%, Sigma Aldrich) separately placed at the upstream side. The tube was then pumped down 
to 1 mTorr base pressure followed by heating up to 650 °C for 30 minutes at a ramping rate of 
43 °C min−1. Ultra-high purity argon (Ar) gas (flow rate: 100 SCCM) was supplied throughout the 
CVD reaction, and the furnace was naturally cooled down to room temperature. 
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3.4.2 Transfer and Integration Process 
A thin layer of PMMA was spin-coated onto the as-grown 2D MoS2/SiO2/Si substrate. The 
PMMA/MoS2/SiO2 stack is then cured with normal air at room temperature for one day. The 
sample is then immersed in water and scratched with a sharp object on the corner edge to facilitate 
the penetration of water into the sample. The top side of the sample looks different color when 
water penetrates MoS2 and SiO2 interface. The 2D MoS2/PMMA film was then manually peeled 
off from the SiO2/Si substrate and dried by blowing air. The serpentine pattern was made by cutting 
with a mechanical cutter plotter with the specified dimension to get desired stretchability.  
3.4.3 Raman, TEM, and Optical Characterization 
Raman characterization was performed using a Renishaw RM 1000B Micro-Raman 
Spectrometer with a laser wavelength of 514 nm and a spot size of 1 μm. SEM characterization 
was performed with a field-emission SEM (SU 8230, Hitachi) equipped with an X-ray energy 
dispersive spectrometer. TEM characterization was performed with a probe-corrected TEM 
(ARM200F, JEOL) operating at 200 kV. The optical absorbance of 2D MoS2 layers/PDMS at 
varying stretch levels was characterized by UV-Vis spectroscopy (Cary WinUV spectrometer) in 
the wavelength range of 200–800 nm. 
3.4.4 Gas Sensing Characterization 
The Gold (Au) electrodes were deposited on the as-patterned 2D MoS2/PMMA with a serpentine 
designed shadow mask (0.4 mm width and 0.8 mm gap) with laser cutting. The real-time gas sensing 
performance was done inside a sealed Acrylic Vacuum Chamber (Sanatron LLC.) with an electrical 
feed-through as well as a gas inlet and outlet was installed in the chamber. The NO2 gas was injected 
inside the gas chamber with a precisely measured syringe injection pump. A commercial NO2 gas sensor 
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(DGS Spec Sensor, Part#DGS-NO2 968-043) was placed inside the chamber for monitoring precise gas 
concentration from 5 ppm to 30 ppm. The current(I) vs. time(T) was recorded at a constant voltage of 
0-7 volts. The NO2 gas exposure time was every ten minutes and degassing with N2 gas connected with 
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A large family of 2D vdW heterostructures has recently been developed through various 
chemical routes [17,74-76] and one of the most explored material systems is 2D 
molybdenum/tungsten disulfides (MoS2/WS2) in vertical stacks [68,77-81]. In order to leverage 
their desired functionalities, it is essential to tailor the morphological variables of 2D layers during 
their growth stages, which would only be possible once their underlying growth mechanism is 
clarified. A large set of parameters that govern the thermodynamic and crystallographic conditions 
for 2D vdW heterostructure growths remains unclear, [82] leaving following questions to be 
answered; “How do the subsequent 2D layers grow on top of pre‐existing 2D layers, and would it 
be possible to engineer their crystallographic orientations? If possible, what are the driving factors 
that determine their growth characteristics, and what would the atomistic structure of the resulting 
2D/2D interfaces be?” Experimentally addressing these questions, thereby, clarifying the atomistic 
growth mechanism of 2D vdW vertical heterostructures is technically challenging for multiple 
reasons. From the material growth perspective, the controlled integration of secondary 2D layers 
on top of pre‐existing 2D layers is challenging in conventional approaches. For example, despite 
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some successful demonstrations, [26,83] CVD employing the simultaneous co‐reactions of 
multiple precursors often results in the growth of distinct 2D layers either in a vertically stacked 
or in a horizontal stitching manner even under identical growth conditions, [18,84,85] making it 
difficult to establish a unified growth principle. Growths via a sequential CVD of one 2D material 
after the other have alternatively been explored, [21,27,38,68,86-89] which inevitably requires 
nontrivial microscopy investigations to visualize the atomistic 2D/2D vdW interfaces. For example, 
conventional cross‐sectional TEM has relied on the physical/chemical milling of 2D/2D vdW 
interfaces down to the thickness suitable for electron transmission, which is highly 
sophisticated/demanding and often results in a low success yield. Accordingly, investigating 
statistically a large number of 2D/2D vdW interfaces in their pristine forms is difficult, thus 
clarifying the associated 2D growth mechanism and its governing factors remain challenging. 
In this chapter, we study the CVD growth mechanism of vertically stacked 2D MoS2/WS2 
layers and unveil the fundamental factors that dictate the vdW assembly of 2D MoS2 layers on the 
basal planes of 2D WS2 layers. We employ single‐crystalline‐faceted tungsten trioxide (WO3) 
nanowires as a model system that offers distinct advantages over conventional approaches; 1) 2D 
WS2 layers are self‐assembled from the single‐crystalline WO3 nanowire surface via controlled 
sulfurization, yielding atomically flat 2D WS2 basal planes with precisely controlled 2D layer 
numbers. These morphology‐controlled 2D WS2 layers serve as the growth template for 
subsequent 2D MoS2 layers growth. 2) This nanowire‐assisted growth scheme enables the direct 
TEM visualizations of the atomic structures of 2D MoS2/WS2 vdW interfaces. Moreover, it 
circumvents the complicated cross‐sectional TEM sample preparation and its associated operation 
demanded in conventional approaches, thus enables the inspection of a statistically large number 
of samples. Benefiting from these advantages, we unveil a unique transition of the growth 
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characteristics in these materials, i.e., a transition from the layer‐by‐layer epitaxy of horizontally 
oriented 2D MoS2 layers to their vertical reorientation akin to the conventional Stranski–Krastanov 
(SK) thin-film growths, which is driven by varying 2D layer numbers.   
 
4.2 Results and Discussions 
 
4.2.1 Steps in Growth Process 
 
Figure 13: (a) Schematic for 2D MoS2/WS2 vdW vertical heterostructure growth experiments. (b) 
As fabricated 2D WS2/WO3 nanowires. (c) Low‐magnification TEM image of an isolated 
nanowire. d) Magnified view of the red box in (c). (e) ADF STEM image of a 2D WS2/WO3 
interface. (f) ADF STEM image of a cross‐sectioned nanowire. (g) Magnified view of the red box 
in (f), revealing a 2D WS2/WO3 interface.  
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Figure 13(a) illustrates the growth experiments. Highly single‐crystalline hexagonal WO3 
nanowires with faceted surfaces are prepared following a previously developed method [90]. 2D 
MoS2/WS2 vdW vertical heterostructure layers are subsequently grown on the nanowire surfaces 
in the following sequences. The nanowires are sulfurized by reacting with vaporized sulfur (S), 
yielding high‐crystalline 2D WS2 layers with well‐resolved 2D layers on the nanowire surface. Mo 
seed films of controlled thickness are subsequently deposited/sulfurized on the grown 2D WS2 
layers, achieving 2D MoS2/WS2 vdW vertical stacks. Distinguishable morphologies are observed 
in the 2D MoS2/WS2 vdW vertical stacks with varying 2D MoS2 layer numbers.  
4.2.2 Morphology of the as Grown 2DWS2/WO3 Nanowires 
Figure 13(b–g) shows the morphologies of the 2D WS2 layers grown on WO3 nanowires 
obtained before the subsequent deposition/sulfurization step in figure 11(a). The scanning electron 
microscopy image in figure 11(b) of as‐prepared 2D WS2/WO3 nanowires reveals well‐faceted 
surfaces whose crystalline structures were identified by extensive TEM characterization. Figure 
13(c) shows a low‐magnification bright‐field (BF) TEM image of an isolated 2D WS2/WO3 
nanowire. Figure 13(d) is the higher magnification view of the red box in figure 13(c), revealing 
the presence of 2D WS2 layers on the nanowire surface. The 2D WS2 layers exhibit excellent 
crystallinity indicated by the well‐defined layer number (5 in this case) without any broken layers 
throughout the entire length (≈7 µm). The layer number of the 2D WS2 converted from WO3 is 
highly controllable by adjusting the sulfurization conditions. The crystallinity of the 2D WS2 layers 
and their interfaces were further characterized by annular dark‐field (ADF) scanning TEM 
(STEM). Figure 13(e) shows a plane‐view ADF STEM image of 2D WS2 layers on WO3 (different 
from figure 13(c and d), revealing an atomically sharp 2D WS2/WO3 interface and evenly spaced 
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2D layers. Figure 13(f) shows an ADF STEM image of a 2D WS2/WO3 nanowire cross‐sectioned 
via a focused ion beam, revealing its faceted and smooth surface covered by 2D WS2 layers 
throughout its entire periphery. Figure 13(g) shows a high‐resolution ADF STEM image 
corresponding to the red box in figure 13(f), revealing uniform 2D WS2 layers with an abrupt 
interface across the WO3 surface. The image also indicates that the nanowire is oriented along the 
[001] axis of hexagonal WO3 [91]. All these TEM characterizations confirm that the 2D WS2 
layers self‐assembled from the single‐crystalline WO3 present excellent crystallinity in their 
vertical layer stacking, which is desirable for the subsequent growth of 2D MoS2 layers on their 
basal planes.  
4.2.3 Morphology of the MOS2/WS2 Heterostructure 
Figure 14 compares the morphologies of the 2D MoS2/WS2 vdW vertical stacks grown on 
WO3 by employing the secondary sulfurization of Mo (various thicknesses) shown in figure 13. 
Figure 14(a–e) shows the characterization of 2D MoS2/WS2 vdW vertical stacks achieved with the 
sulfurization of ≈3 nm thick Mo. The Raman spectroscopy profile (figure 9(a)) of as‐prepared 2D 
MoS2/WS2 on WO3 nanowires confirms the typical in‐plane (E
1
2g) and out‐of‐plane (A1g) vibration 
modes of 2D WS2 and 2D MoS2, [92] indicating the formation of compositionally and structurally 
well‐defined 2D MoS2/WS2 layers [53]. Figure 14(b) shows an ADF STEM image of a WO3 
nanowire with 2D MoS2/WS2 vdW vertical stacks on its surface. The magnified image of the red 
box reveals distinguishable image contrasts, indicating that the newly grown material (presumably, 
2D MoS2) on 2D WS2 layers is composed of lighter atomic elements. Figure 14(c) shows the high‐
resolution ADF STEM image corresponding to the blue box in figure 12(b), revealing the vertical 
stack of 2D MoS2/WS2 layers on the WO3 surface. Figure 14(d,e) characterizes the detailed 
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morphologies of the 2D MoS2/WS2 and the 2D WS2/WO3 interfaces, distinguished by atomic 
number (Z) contrast.  
 
Figure 14: (a) Raman spectroscopy profile obtained from 2D MoS2/WS2‐grown nanowires. (b–e) 
TEM characterization of 2D MoS2/WS2 vdW vertical stacks obtained by sulfurizing ≈3 nm Mo. 
(b) ADF STEM image of an isolated nanowire. (c) Magnified view of the blue box in (b), revealing 
2D MoS2/WS2 vertical stacks. (d) ADF STEM image of a 2D MoS2/WS2/WO3 interface. (e) 
Detailed crystalline structure of the 2D MoS2/WS2 interface. (f–i) TEM characterization of 2D 
MoS2/WS2 vdW vertical heterostructures obtained by sulfurizing ≈12 nm Mo. (f) ADF STEM 
image of an isolated nanowire, revealing vertically reoriented 2D MoS2 layers. (g) Top‐down 
plane‐view of high-resolution TEM (HRTEM) image revealing the edges of vertical 2D MoS2 
layers. (h,i) Redirection of horizontal 2D MoS2 layer orientation interfered by impeaching layers. 
 
2D MoS2 layers grown on the basal plane of 2D WS2 layers present a highly uniform 
interlayer spacing of ≈0.62 nm, which well matches the hexagonal [002] planes of MoS2. Moreover, 
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the sequence of the individual Mo-S-W atomic bonds, figure 14(e) reveals that both the 2D MoS2 
and 2D WS2 preserve semiconducting 2H phases across the 2D/2D interface. The localized 
distribution of constituent elements in each 2D MoS2 and 2D WS2 was also confirmed by energy 
dispersive X‐ray spectroscopy in STEM mode. The high crystalline quality of the 2D MoS2 layers 
and their atomically sharp interfaces across 2D WS2 layers are indicative of the vdW epitaxial 
growth. 
4.2.4 Growth Mechanism 
2D MoS2/WS2 vdW vertical stacks achieved by sulfurizing ≈12 nm thick Mo seeds exhibit 
contrasting growth characteristics (figure 14(f–i)). Figure 14(f) shows an ADF STEM image of 
2D MoS2/WS2 vdW vertical stacks grown on WO3, which reveals that 2D MoS2 layers readjust 
their layer orientations with respect to those of the underlying 2D WS2 layers. The magnified view 
of the red box in figure 14(f) exhibits the vertically slanted 2D MoS2 layers on the basal planes of 
2D WS2 layers exposing their 2D edge sites on the nanowire surface. Interestingly, such vertically 
reoriented 2D MoS2 layers are often observed on the horizontally oriented 2D MoS2 layers (yellow 
lines in figure 14(f) grown on the basal planes of 2D WS2 layers. This observation indicates that 
2D MoS2 layers grow from the interface of the Mo–WS2 basal plane in a “bottom‐to‐top” manner 
under our growth conditions, and detailed growth mechanisms will be discussed in the later section. 
Figure 14(g) shows a high‐resolution BF TEM image obtained from the nanowire surface, 
revealing the plane view of 2D MoS2 vertical layers with exposed 2D edges [6]. Figure 14(h, i) 
shows representative TEM images, revealing a large number of 2D MoS2 layers redirect their 
orientations as interfered by other layers impeaching from the opposite sides (blue and red arrows). 
This growth impediment of horizontal 2D MoS2 layers and their vertical reorientation were 
consistently observed with 2D MoS2/WS2 vertical stacks obtained by the sulfurization of thick 
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(typically, ≥8 nm) Mo. It is worth mentioning that identifying this unique 2D growth characteristic 
benefits from our nanowire‐based growth scheme as it allows for the direct visualization of 2D/2D 
interfaces with a large number of samples even without tedious TEM cross‐section sample 
preparations.  
 
Figure 15: Schematics for the initial growth stage of 2D MoS2 layers on 2D WS2 layers. (a) Mo 
nanoparticles exposing the S–S (Mo–WS2 basal plane) interface, which provides preferred 
nucleation sites. (b) Growth of a 2D MoS2 layer on the interface, exposing another S–S interface 
for subsequent layer‐by‐layer growth. Schematics for the distinguishable growth characteristics 
obtained by sulfurizing Mo of different thicknesses. (c) Layer‐by‐layer growth of horizontal 2D 
MoS2 layers on 2D WS2 layers achieved by sulfurizing thin Mo. The insets are representative ADF 
STEM (top) and TEM (bottom) images to show disconnected nanoparticles on the surface of a 2D 
WS2/WO3 nanowire in a top/side view, respectively. d) SK‐like growth of vertically reoriented 2D 
MoS2 layers on 2D WS2 layers, achieved by sulfurizing thick Mo. The inset is a representative 
TEM image to show the side view of a continuous Mo (≈9 nm thickness) on the surface of a 2D 
WS2/WO3 nanowire. 
 
Figure 15 illustrates an overview of the distinguishable growth characteristics observed in 
our 2D MoS2/WS2 vdW vertical stacks. Figure 15(a, b) depicts the initial growth stage of 2D MoS2 
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layers forming on the basal planes of 2D WS2 layers irrespective of Mo thickness. Upon reaching 
the growth temperature, the deposited Mo forms a droplet (presumably, solid (S) phase given its 
high melting temperature) on the surface of the solidus 2D WS2 layers while vaporized (V) sulfur 
is being supplied. Accordingly, S–S (WS2–Mo) and V–S (S–Mo) interfaces are newly formed, and 
their energetics determine the growth preference of 2D MoS2 layers (figure 15(a)). Although the 
exact interfacial energy values are presently unavailable in this particular case, it is has been 
theoretically/experimentally confirmed that S–S interfaces present higher interfacial energies over 
V–S interfaces providing preferred thermodynamic conditions for heterogeneous nucleation, well 
established in the studies of VS nanowire growths [93-95]. As a result, 2D MoS2 layers are initiated 
to grow from the WS2–Mo interfaces (black line in figure 15(a)) in a horizontal manner, which is 
driven to minimize the total system energy by exposing their basal planes of low surface energies. 
Upon their continued growth consuming deposited Mo, additional interfaces of MoS2–Mo (black 
line in figure 15(b)) are exposed, offering preferred nucleation sites for subsequent growth. As a 
result, horizontal layer‐by‐layer growths of 2D MoS2 are initially observed on top of 2D WS2 
layers irrespective of Mo thickness of figure 15(c–e) and figure 15(f, i, g), indicative of the 
“bottom‐to‐top” growth manner. Figure 15(c-d) illustrates the horizontal‐to‐vertical cross‐over of 
2D layer growth characteristics determined by varying Mo thickness. Figure 15(c) describes the 
growth situation when thin (typically, ≤3 nm) Mo is sulfurized on the basal planes of 2D WS2 
layers. Mo films of such a small thickness consist of randomly disjointed tiny Mo nanoparticles 
with a high density of free volume in between them (inset TEM images). Throughout sulfurization, 
2D MoS2 layers grow in the layer‐by‐layer manner accompanying a substantive volumetric 
expansion, i.e., conversion of Mo to MoS2, which is efficiently accommodated due to the free 
volume. Accordingly, they continue to grow, filling in the free volume without readjusting layer 
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orientations. Figure 15(d) describes the growth situation when thick (typically ≥8 nm) Mo is 
sulfurized on the basal planes of 2D WS2 layers. Depositing Mo to such a thickness results in a 
dense film composed of Mo nanoparticles that are continuously connected (inset TEM image). 
The volumetric expansion through the conversion of Mo to MoS2 accompanies a significant 
accumulation of internal strain imposed by adjacently growing/impeaching 2D MoS2 layers due to 
the limited free volume in between Mo. Accordingly, continuously growing 2D layers are forced 
to redirect layer orientations in a way to release the strain once they go beyond the initial horizontal 
growth stage (Figure 15(b)). This 2D growth mode transition is qualitatively understood to result 
from the competition of interfacial energy and lattice mismatch (strain energy) between the 
growing material (2D MoS2) and its substrate (2D WS2). The 2D MoS2/WS2 interface with 
horizontal 2D layers is expected to have a lower interfacial energy than that with vertical 2D layers 
owing to the very small lattice mismatch of ≈0.25% (in‐plane lattice for MoS2 is a = 0.3161 nm 
and that for WS2 is a = 0.3153 nm) [96,97]. Moreover, the horizontal/horizontal interface 
coherency advantage is anticipated to be small due to the weak vdW bonding present across the 
interface and the clean basal plane of 2D WS2 layers without significant dangling bonds. 
Accordingly, the 2D MoS2/WS2 interface with horizontal 2D layers is thermodynamically favored 
over that with vertical 2D MoS2 layers whose formation is driven by strain energy relaxation. With 
increasing physical confinement, the coherency of 2D MoS2 layers with the epitaxial 2D WS2 layer 
breaks down. The transition of the layer orientation in 2D MoS2 is akin to the Stranski–Krastanov 
(SK) thin film growth mode in which strain energy dominates (owing to the epitaxial lattice misfit) 
for thicker layers [98]. Accordingly, the relaxation of the strain energy built up during 2D layers 
growth guides their orientation and determines the growth mode, which is dictated by the thickness 
of Mo (thus, 2D MoS2 layer number), as verified below. It is noteworthy that the vertical 2D MoS2 
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layers exposing dangling bonds present larger surface energy than horizontal 2D MoS2 layers, as 
demonstrated by density functional theory calculations [99,100]. The horizontal‐to‐vertical 
transition of 2D layer orientations efficiently compensates for the increased surface energy by 




In conclusion, by employing single‐crystalline WO3 nanowires as a model system, we 
investigated the CVD growth mechanism of 2D MoS2/WS2 vdW vertical stacks with controlled 
layer orientations. We identified that their growth characteristics transit from 2D/2D layer‐by‐layer 
horizontal epitaxy to 3D‐like vertical SK mode, which strongly depends on the number of 2D 
MoS2 layers. This study greatly deepens our understanding of the growth principle of 2D vdW 
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5.1 Introduction 
 
To broaden the scientific/technological versatilities for scaled-up flexible/stretchable 
technologies, there are few challenges need to be addressed for the material preparation and integration 
of 2D MoS2/WS2: (1) They should be grown on a large wafer-scale with controlled layer 
chemistries/morphologies, and the growth methods should be intrinsically scalable. (2) They should 
present mechanical flexibility either by being directly grown on flexible substrates or being transferred 
onto secondary flexible substrates. (3) If transferred, they should maintain the structural/chemical 
integrities of their original as-grown states. Accordingly, it is critically demanded to develop a reliable 
strategy to universally satisfy all the aforementioned growth/transfer requirements on a wafer-scale for 
the current microelectronics manufacturing processes. The conventional approaches to manually 
exfoliate/ stack up individual 2D TMD layers suffer from very small areas of transferred layers and thus 
remain non-scalable [26,32,83,101-108]. The CVD growths based on the co-evaporation/reaction of 
metal- and/or chalcogen-containing precursors generally produce materials with limited spatial 
coverages and nonuniform morphologies[18,22,81,84,109]. Besides unsatisfactory growths, a reliable 
lift-off/transfer of the as-grown 2D vdW heterostructure layers from their growth substrates (mostly 
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SiO2) to secondary substrates is another major challenge. The separation of 2D TMD heterostructure 
layers from their SiO2/Si growth substrates has generally involved the direct chemical etching of the 
SiO2 using acid/base agents such as buffered oxide etchant (BOE) or potassium hydroxide (KOH) 
[87,110]. This chemical agent-based etching becomes particularly problematic when the size of the 2D 
TMD layers to be transferred increases as a large amount of time is demanded for the complete etching 
of SiO2 by interpenetrating 2D TMD/SiO2 interfaces. For example, ∼six hours of SiO2 etching has been 
reported for CVD-grown vertically stacked MoS2/ WSe2 of >2 × 2 cm
2[110]. The prolonged exposure 
of 2D TMDs to the strong chemical agents is known to deteriorate their material properties, motivating 
the exploration of alternative methods[33,35,111-114]. Besides the growth/transfer challenges, it is 
highly desirable to directly integrate large-scale 2D layers on mechanically flexible dielectric materials 
(mostly thin-film oxides), as demanded in a variety of scaled-up flexible electronic devices. 
In this chapter, we report a viable strategy to directly integrate centimeter-scale 2D TMD vdW 
heterostructures on “transferable substrates” in stacks of SiO2/Au layers and their facile transfer to 
arbitrary substrates without using strong chemical agents. Motivated by the enhanced debonding nature 
of Au interfaced with SiO2 inside water, we achieved a reliable lift-off and successful 
transfer/integration of vertically stacked, few-layer only 2D MoS2/WS2 vdW heterostructures on 
secondary substrates over an area of >2 × 2 cm2. Furthermore, by exploring the multi functionalities of 
Au as sacrificial layers and growth substrates, we demonstrate a large-area photo-responsive 2D 
MoS2/SWNT vertical heterojunctions on flexible substrates. This study opens a new pathway for the 
transfer/integration of 2D TMDs heterostructure and their flexible device applications.   
 
5.2 Results and Discussions 
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5.2.1 Growth and Gold Assisted Transfer Approach 
Figure 16 illustrates the sequential process for the growth and transfer/integration of 2D 
MoS2/WS2 heterostructure layers as follows: (a) On top of a cleaned SiO2/Si substrate, thin layers of Au 
and SiO2 are sequentially deposited followed by a deposition of W and Mo seed layers. (b) The prepared 
stack is sulfurized in a low-pressure CVD chamber, which leads to a chemical conversion of Mo/W to 
2D MoS2/WS2 layers. 
 
Figure 16: Illustration for the large-area growth of vertically stacked 2D MoS2/WS2 heterostructure 
layers on a SiO2/Au-based substrate and their subsequent transfer and integration in two different 
ways. 
 
Following this material growth stage, two different transfer/integration approaches can be 
independently pursued. In the first approach (figure 16(c-f)). (c) A thin protective layer (PL) such as 
PMMA or PDMS) is spin-coated on top of the 2D MoS2/WS2 layers. (d) The entire substrate is 
immersed in water, which leads to a simple lift-off of the PL/MoS2/WS2/SiO2 layer-only owing to the 
debonding nature of Au interfaced with SiO2 (details are to be explained below). (e) The 
PL/MoS2/WS2/SiO2 stack is mechanically peeled off/exfoliated from the growth substrate. (f) The 
separated stack is transposed upside down onto a second substrate after the removal of SiO2, where the 
PL functions as an adhesion material. In the second approach (figure 16(g-j)): (g) As-prepared 2D 
MoS2/WS2 layers grown on a SiO2/Au/Si substrate are immersed in water. (h) Once removed from the 
water bath and air-dried, the top of the samples is covered with a thermal release tape. (i) The tape is 
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mechanically lifted, which leads to the separation of the 2D MoS2/WS2/SiO2 layer supported by the tape. 
(j) Upon the attachment of the 2D MoS2/WS2/SiO2 layer onto a second substrate, the tape is released 
under heating at 130 °C[115]. This direct growth of 2D heterostructure layers on such transferrable 
substrates offers distinct advantages over conventional 2D layer transfer methods; 2D layers can retain 
the structural integrities of their as-grown states during the lift-off/transfer processes since the 
underlying growth substrate (SiO2 layer) itself is directly transferred rather than it is etched away.  
5.2.2 Morphology of the as-grown 2D MOS2/WS2 heterostructures 
The quality of as-grown 2D MoS2/WS2 heterostructures was verified by extensive structural 
characterizations. Figure 17(a) shows a photograph of as-grown 2D MoS2/WS2 on the substrate, 
exhibiting a uniform color homogeneity over the entire substrate surface of >2 × 2 cm2. Figure 17(b) 
shows the Raman spectrum collected from the same sample, exhibiting four distinct peaks associated 
with the in-plane E2g
1 and the out-of-plane A1g phonon vibration modes of individual 2D MoS2 and 2D 
WS2 layers[12,68]. The Raman spectrum does not display an indication of MoxW1−xS2, whose peaks are 
to be poised in between the peaks for individual MoS2 and WS2 [53,116,117], which suggests that the 
sample is mostly unalloyed within its thickness (>10 nm). The detailed morphology of the 2D 
MoS2/WS2 heterostructure layer was characterized by TEM analysis. Figure 17(c) is a bright-field low-
magnification TEM micrograph of the 2D MoS2/WS2 heterostructure, revealing its polycrystalline 
structure and continuous layer morphology. Figure 17(d) shows an HRTEM micrograph of the same 
sample. The image clearly reveals Moiré patterns, indicative of the vertical stacking of multiple 2D 
layers whose basal planes are misaligned with respect to the hexagonal [001] zone axis. Figure 17(e) is 
an energy-dispersive X-ray spectroscopy (EDS) elemental mapping image of the same sample 
characterized in a scanning TEM (STEM) mode. The image exhibits a highly uniform spatial 
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distribution of all constituent components of Mo, W, and S. Furthermore, the same sample was 
inspected by cross-sectional TEM characterizations.  
 
Figure 17: Morphology of the as-grown 2D MoS2/WS2. (a) Image of as-grown 2D MoS2/WS2 
heterostructure layers on a SiO2/Au/SiO2/Si substrate. (b) Raman spectrum obtained from the 
sample, revealing the presence of both MoS2 and WS2. Low-magnification TEM (c) and a HRTEM 
(d) micrographs of the 2D MoS2/WS2 heterostructure layers in plain view. (e) STEM-EDS 
elemental mapping images revealing the uniform spatial distribution of constituent elements. The 
scale bar is 50 nm. (f) Cross-section TEM characterizations of 2D MoS2/WS2 heterostructure 
layers on a SiO2 (left) and their detailed crystalline structures (right). (g) ADF-TEM image of the 
corresponding MoS2/WS2 interface, revealing a distinct image contrast. (h) STEM-EDS elemental 
map to show the spatial localization of Mo and W at the interface.  
 
Figure 17(f) shows TEM micrographs of a cross-sectioned 2D MoS2/WS2 heterostructure 
grown on top of a SiO2 layer (left). The HRTEM image (right) reveals the vertical stacking of 2D MoS2 
and 2D WS2 layers, where each material consists of ∼10 horizontal atomic layers with a well-defined 
MoS2/WS2 interface (yellow dotted line). Figure 17(g) shows an annular dark-field (ADF) TEM 
micrograph of the corresponding MoS2/WS2 interface. The distinct ADF image contrast between the 
MoS2 and the WS2 reflects the mass difference of constituting W and Mo. The observation is consistent 
with the spatial distribution of Mo and W as confirmed by the STEM-EDS elemental mapping in figure 
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2(h), indicating the vertical stacking of 2D MoS2 and 2D WS2 layers. All of these comprehensive 
structural/chemical characterizations evidence the successful CVD growth of large-area, vertically 
stacked 2D MoS2/WS2 heterostructure layers on top of the SiO2 deposited Au/SiO2/Si substrate. The 
direct growth of 2D MoS2 (or, 2D WS2) on a secondarily SiO2 surface has previously been demonstrated 
via metal-organic CVD (MOCVD), which further strengthens the validity of our approach. Moreover, 
to ensure the lateral layer-by-layer growth of each constituent material avoiding the unwanted random 
vertical/slanted growth of 2D layers,[68] we performed our CVD growths with uniformly deposited 
metal seeds of small thickness (typically, ∼4−6 nm). We also carried out the sequential growth of one 
material on the other via a two-step CVD process;[81,118] that is, growth of 2D WS2 followed by 2D 
MoS2 or vice-versa, and did not notice any significant distinction in the resulting morphology. Details 
for growth conditions can be found in the Experimental Methods section. 
5.2.3 Structural and Electrical Characterizations 
Figure 18(a-e) illustrates the transfer of CVD-grown vertically stacked 2D MoS2/WS2 
heterostructure layers, which corresponds to the approach in figure 18(c-f). (a) PL (PDMS in this case)-
covered 2D MoS2/WS2 heterostructure layers grown on a SiO2/Au/SiO2/Si substrate is immersed in 
water. (b−c) After the water immersion, the PL/MoS2/WS2/SiO2 stack becomes readily detachable from 
the underlying Au layer and is ready for lift-off after taken out of the water bath. (d) The 
PL/MoS2/WS2/SiO2 layer is manually peeled off from the growth substrate. (e) After the lift-off, the 
original growth substrate is found to be still covered with the Au layer which visibly remains intact. (f) 
The detached PL/MoS2/WS2 layer is observed to be covered with SiO2 on its backside, indicating that 
the layer separation occurs at the SiO2/Au interface. This observation suggests that the detached 2D 
MoS2/WS2 heterostructure layer retains its structural integrity as it was protected in between the PL and 
the SiO2 layer during the entire lift-off process. The detached PL/MoS2/WS2 heterostructure layer is 
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highly flexible even with the SiO2 layer attached on its backside (Figure 18(d)) and can be integrated 
onto secondary substrates. Figure 18(g) demonstrates the direct integration of the detached layer (on the 
surface of a cup following removal of the underlying SiO2 layer). The PL (PDMS in this case) itself 
functions as an adhesive material that enables the sticking of the 2D WS2/MoS2 heterostructure layer 
on the foreign substrates. The dotted line in figure 18(g) indicates that the integrated layer well retains 
the original shape/size of its as-lifted state which corresponds to figure 18(f). Figure 18(h) demonstrates 
the integration of another 2D MoS2/WS2 heterostructure layers prepared by the transfer approach in 
figure 18(g-j); as-grown 2D MoS2/WS2 heterostructure layers on Au/SiO2/Si substrate are separated by 
a thermal release tape, following the removal of SiO2. The 2D MoS2/WS2 heterostructure layers 
supported by the tape are integrated onto a foreign substrate (PDMS in this case), followed by a release 
of the tape under heating. The image reveals the optical transparency of the integrated 2D 
heterostructure layers similar to figure 18(g). It is worth mentioning that the complete removal of the 
SiO2 in these layers (figure 18(g-h)) before their integration is significantly easier/faster than the 
conventional SiO2 etching-based lift-off approaches as the entire SiO2 surface is exposed unlike that it 
is embedded in between 2D heterostructure layers and Si[110]. The success of this facile/reliable 2D 
layer separation at the SiO2/Au interface in water is attributed to the intrinsic debonding nature of Au 
[119-121]. It has been known that the interfacial adhesion energy for Au interfaced with SiO2 is lower 
than most of the noble metals. In air, the adhesion energy is ∼0.4 J/m2 for Au/SiO2, while it is >3 J/m2 
for titanium (Ti), a material that has been widely used to increase the contact adhesion of Au onto SiO2 
surface. The interfacial adhesion energy is ∼1.3 J/m2 for nickel (Ni) which is also well-known for its 
weak adhesion to SiO2[120,121]. Moreover, it has been reported that water penetration drastically 
reduces the interfacial energies for metal/SiO2 interfaces. For instance, ∼80% of lower interfacial energy 
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has been reported for Ni/SiO2 in water compared to in the air, and this trend is valid regardless of metals 
interfaced with SiO2[120].  
 
Figure 18: Sequential procedures for the transfer of 2D MoS2/WS2 heterostructure layers using the 
water-assisted Au-SiO2 separation (a-h). (g) PDMS-coated 2D WS2/MoS2 heterostructure layers 
integrated on the surface of a cup. (h) 2D MoS2/WS2 heterostructure layers on a PDMS transferred 
from a thermal release tape. (i) Raman spectrum from 2D MoS2/WS2 heterostructure layers in 
comparison to the Raman spectra from individual 2D MoS2 and 2D WS2. (j) Transport 
characteristics of transferred 2D MoS2/WS2 heterostructure layers. 
The structural integrities of 2D MoS2/WS2 heterostructure layers detached from their growth 
substrates were characterized and confirmed by Raman spectroscopy. The black plot in figure 18(i) 
shows a Raman spectrum from the separated 2D MoS2/WS2 heterostructure layers before the integration, 
figure 18(h), revealing the Raman peaks assigned to individual MoS2 and WS2. The Raman spectra (red 
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plots) obtained from individual MoS2 and WS2 layers grown under the same growth condition are 
presented for comparison. Figure 18(j) shows two-terminal carrier transport characteristics of 
transferred 2D MoS2/WS2 heterostructure layers where top/bottom metal (Au) electrodes are separately 
made on each material (schematic in figure 18(j), upper inset). The plot reveals a non-Ohmic rectifying 
transport (also, a semilogarithmic plot in figure 18(j), lower inset) confirming the presence of 2D 
MoS2/WS2 heterojunctions with band offsets, consistent with previous observations.  
5.2.4 Feasibility of Gold (Au) as a Growth Substrate 
In addition to the functionality as a SiO2-sacrificial layer, we explore the feasibility of Au as a 
growth substrate for 2D TMD layers. To demonstrate these multi functionalities of Au, we directly grew 
2D MoS2 layers on top of Au/SiO2/Si substrates and transfer the grown layers. Figure 19(a) illustrates 
the growth to- transfer procedure; 2D MoS2 is grown on top of an Au/SiO2/ Si substrate by the direct 
sulfurization of Mo, and the substrate is subsequently immersed in water. Once the substrate is removed 
from the water bath and is dried, a thermal release supporting tape is attached to the 2D MoS2 layers on 
the substrate, and it is mechanically peeled off leading to the separation of Au-attached 2D MoS2 from 
the substrate. The Au on the 2D MoS2 can be removed resulting in 2D MoS2 layers integrated on the 
tape, or the entire 2D MoS2/Au layers can be integrated onto secondary substrates. Figure 19(b) shows 
an optical image of 2D MoS2 layers directly grown on Au deposited SiO2/Si substrates. The 2D MoS2 
layers were grown on the selected areas only where Mo films were pre-deposited, presenting different 
colors depending on the thickness of initial Mo (3 and 10 nm for left and right, respectively). Figure 
19(c) shows Raman characteristics from the 2D MoS2 layers directly grown on Au-deposited substrates 
revealing that the intensity ratio of E2g
1/A1g increases with decreasing the thickness of initial Mo films, 
consistent with previous growth studies with SiO2/Si substrates[5]. Figure 19(d) shows a cross-sectional 
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ADF-TEM micrograph of a stack of 2D MoS2/Au/SiO2, and the zoomed-in image (red box) reveals that 
2D MoS2 (∼8−10 layers) was grown on top of Au on a large area, obtained from 3 nm thick Mo 
deposition. Figure 17(e) is an ADF-TEM micrograph of a 2D MoS2/Au interface, which reveals the 
atomically sharp MoS2/Au interface and well-resolved 2D MoS2 layers. STEM-EDS elemental 
mapping analysis does not indicate a noticeable interdiffusion of Au into the 2D MoS2 layers. 
Figure 19: (a) Illustration for the direct growth of 2D MoS2 layers on Au-deposited substrates and 
their subsequent transfers. (b) Images of 2D MoS2-grown on Au/SiO2/Si substrates. 2D MoS2 are 
selectively grown with Mo of different thicknesses (left: 3 nm, right: 10 nm). (c) Raman spectrum 
obtained from the 2D MoS2 layers grown on in panel b. (d) Cross-sectional ADF-TEM 
micrographs of 2D MoS2 grown on an Au/SiO2/Si substrate. The zoom-in image (red box) reveals 
the growth of continuous 2D MoS2 layers. (e) ADF-TEM micrograph revealing the sharp 2D 
MoS2/Au interface. (f) A plane-view of an HRTEM micrograph of few-layer 2D MoS2 layers 
revealing Moirépatterns. (g) 2D MoS2/Au before (left) and after (right) integration to a supporting 
tape. (h) Large-area 2D MoS2 layers attached to a supporting tape. (i) Patterned 2D MoS2 layers 
attached to a supporting tape. 
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Figure 19(f) shows a plane view HRTEM micrograph of 2D MoS2 layers obtained from growth 
on Au-deposited SiO2/Si substrates, different samples from figure 19(d, e). The image reveals Moiré 
patterns resulting from the vertical stack of multiple 2D MoS2 layers, while the fast Fourier transform 
(FFT) image (inset) corresponding to the HRTEM indicates ∼3−5 layers of 2D MoS2[122]. All of these 
structural characterizations indicate that Au-deposited SiO2/Si substrates function as excellent growth 
substrates while their potential as sacrificial layers for facile 2D layer transfers has already been proved. 
Figure 19(g) shows the images of as-grown 2D MoS2 on the Au/SiO2/Si substrate (before) and the same 
sample transferred/attached to a document tape (after). Figure 19(h-i) shows images of large-area (>3 
cm2) and patterned 2D MoS2 attached to supporting tapes, respectively, demonstrating their mechanical 
flexibility. 
5.2.5 Flexible MoS2/CNT Device Integration 
To verify the versatility of the Au-assisted transfer and its applications to 2D 
electronics/optoelectronics, we demonstrate large-area, heterojunction devices based on vertically 
stacked single-walled carbon nanotube (SWNT) thin films and 2D MoS2/Au layers. Figure 20(a) 
illustrates a schematic for the device fabrication; 2D MoS2/Au layers are integrated on a secondary 
conductive and flexible substrate, for example, copper (Cu) foil. Subsequently, highly dispersed 
p-type sorted SWNTs (>99% semiconducting) are directly integrated on the surface of 2D MoS2 
layers, following the selective opening of MoS2 via the PDMS window. As a result, large-area 
SWNT/2D MoS2 vertical heterojunctions are realized where top/bottom electrodes are directly 
made onto the SWNT and the backside of the Cu foil, respectively, figure 20(b). Figure 20(c) 
shows a representative image of a large-area vertically stacked 2D MoS2/Au layers integrated on 
a thin flexible Cu foil prior to the deposition of PDMS and SWNTs. The assembled SWNT/2D 
MoS2 vertical heterojunctions were electrically characterized. Figure 20(d) shows the current 
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density (J)-voltage (V) characteristics of a representative SWNT/2D MoS2 heterojunction on a Cu 
foil. Current rectification with asymmetric J−V is clearly observed (semilogarithmic plot in figure 
20(d), inset), which is consistent with the recent observation with laterally stacked SWNT/2D 
monolayer MoS2 p−n junction diodes[123]. The rectification ratio, that is, the ratio of forward-to-
reverse current amplitude reaches ∼ten, which is slightly smaller than the value reported with the 
micrometer-sized SWNT/2D MoS2 lateral junction without gate voltages[123]. The vertically 
stacked SWNT/2D MoS2 heterojunction devices exhibit substantive photoresponse under the 
illumination of white light. Figure 20(e) shows the semilogarithmic I−V characteristics of another 
device, different from figure 20(d) in the reverse bias regime with/without an illumination, 
revealing a significant photocurrent generation (i.e., > × ∼ 4−5 increase of reverse current). We 
investigate the origin of the observed current rectification and photoresponse by exploring the 
exclusive role of the SWNT/2D MoS2 heterojunction on carrier transport properties. Two-terminal 
current−voltage (I−V) characteristics of individual SWNT film and 2D MoS2 layers without the 
heterojunction in the dark and under illumination are presented. The plots reveal symmetric I−V 
characteristics from both the materials and some photoresponse (i.e., current increase of ∼1.3 times) 
in the 2D MoS2 with a negligible current change in the SWNT. This observation confirms that the 
current rectification and significant photocurrent observed with the vertically stacked SWNT/2D 
MoS2 device indeed originate from the vertical SWNT/2D MoS2 heterojunction. The energy band 
structure of the heterojunction in figure 20(g) illustrates the underlying mechanism. The band 
diagram is constructed based on that the bandgap energy (Eg) of p-type pure SWNT is ∼0.6 eV 
with a diameter of ∼1.7 nm used in this study, smaller than Eg of MoS2, which is intrinsically n-
type [124]. The diagram presents a presence of type II-like band offsets responsible for relaxing 
the photogenerated electron-hole (e-h+) pairs, which subsequently diffuse across the heterojunction, 
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resulting in photocurrent. The recombination of charge carriers may be present caused by various 
mechanisms, for example, series/interfacial resistance, limiting the charge transport as reflected by the 
smaller rectification ratio compared to the previous lateral SWNT/2D MoS2 heterojunction[123]. 
 
Figure 20: Flexible device integration process. (a) Schematic for the fabrication of a vertically 
stacked SWNT/2D MoS2 heterojunction integrated on a flexible Cu foil. (b) Side-view illustration 
of a vertically stacked SWNT/2D MoS2 heterojunction configured for electrical characterizations. 
(c) Image of 2D MoS2 /Au layers integrated on a Cu foil. (d) The J−V characteristics from an 
SWNT/2D MoS2 heterojunction showing current rectification and the corresponding 
semilogarithmic presentation (inset). (e) Photoresponse characteristics from an SWNT/2D MoS2 
heterojunction. (f) Energy band diagram of SWNT/2D MoS2 heterojunction depicting the 
separation/diffusion of photocarriers generated under light illumination (purple arrow). CB, VB, 
and Ef represent the conduction band, valence band, and Fermi energy, respectively. 
 
It is worth emphasizing that the SWNT/2D MoS2 heterojunctions achieved in this study are 
significantly larger (∼cm2) than previous studies (∼μm2) and are in a vertical geometry. These attributes 
are more preferred for 2D optoelectronics since the diffusion length for photogenerated carriers can 
become very small as it corresponds to the vertical height of SNWT/2D MoS2 layers. Further 
optimizations of material processing and integrations are needed to realize this advantage. Overall, all 
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of these demonstrations of 2D layer transfers and their applications strengthen the generality and the 
versatility of the Au-mediated 2D layer separation benefiting from the water-assisted debonding of Au 
with SiO2. We also note that a long time (>a few hours) for water immersion often results in a more 
spontaneous separation of 2D MoS2 layers from the underlying Au despite their strong adhesion 
properties, which offers additional advantages for the deterministic separation of 2D MoS2 
layers[125,126]. It is also worth mentioning that Au has recently drawn attention as a growth substrate 
for various 2D TMDs owing to its low reactivity with sulfur and low solubility with metals (Mo and 
W)[127]. It has been used in the forms of a foil or a deposited layer, which further strengths the 
significance and the versatility of our study[111,125,127-130]. 
 
Figure 21: Comparison of growth approaches. (a) BOE-based separation of 2D MoS2-PMMA 
layer, which took ∼51 min (left), resulting in partially peeled-off 2D MoS2 layers (right). (b) 
Water-based separation of 2D MoS2/Au-PMMA layer, which took ∼3 min (left), resulting in clean 
transfer (right). Both of the samples were prepared under identical experimental conditions.  
 
Lastly, we demonstrate the comparison of the water-assisted Au-mediated transfer with the 
conventional BOE-based approach to verify/highlight its inherent advantage of faster and cleaner layer 
separation. In figure 21, we compare the transfer of 2D MoS2 layers grown on SiO2 (figure 21(a)) and 
Au (figure 21(b)) prepared under identical growth conditions (i.e., equal sample size, Mo film thickness, 
and growth temperature). The results show that the Au-mediated approach takes a significantly shorter 
time (∼3 min vs. ∼51 min) in separating 2D MoS2 layers while better maintaining the structural integrity 
of their as-grown state. 
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5.3 Conclusions 
In conclusion, we have demonstrated a CVD growth of vertically stacked 2D MoS2/WS2 vdW 
heterostructure layers on SiO2/Au-based substrates and their direct transfer onto foreign substrates 
facilitated by the water-assisted debonding of SiO2/ Au interfaces. This uniquely combined 
growth/transfer strategy is highly scalable, enabling that 2D TMD layers retain their structural integrity 
up to a centimeter-scale. As a proof-of-concept, large-scale SWNT/2D MoS2 vertical heterojunctions 
are presented, which are difficult to achieve with conventional 2D layer stacking approaches. This study 
is believed to accelerate the exploration of 2D TMD heterostructure layers for device building-blocks 














CHAPTER-6: VERTICALLY-ALINGED 2D MoS2 FOR HUMIDITY 
SENSING 
 
The contents of this chapter have been published in: Islam, M., Kim, J., Ko, T., Noh, C., 
Nehate, S., Kaium, M., Ko, M., Fox, D., Zhai, L., Cho, C., Sundaram, K., Bae, T., Jung, Y., Chung, 
H. and Jung, Y. (2018). Three-dimensionally ordered 2D MoS2 vertical layers integrated on 
flexible substrates with stretch-tunable functionality and improved sensing capability. Nanoscale, 
10(37), pp.17525-17533. 
6.1 Introduction 
2D TMDs with vertically-aligned layers exhibit numerous atomic dangling bonds on their 2D 
layer edge sites, which are predominantly exposed on the surface [5,6,87,88]. As a result, they are 
projected to exhibit superior chemical and/or physical adsorption-driven surface reactivity offering 
uniquely suited advantages for a wide range of applications such as chemical and electrochemical 
sensing [29,131-136]. In fact, it has been experimentally verified that they present significantly 
improved sensitivity for detecting various chemical species compared to the 2D TMD basal planes of 
atomically saturated bonding [99,137]. 2D layer-orientation dependent properties and associated 
advantages can be further promoted as far as 2D TMDs with controlled layer orientation and structures 
can be integrated onto unconventional substrates of tailored functionalities. For instance, horizontally-
orientated 2D TMDs and their heterostructures have been explored for a variety of flexible electronic 
and optoelectronic devices that benefit from the high tolerance for the mechanical deformation of 2D 
layers and underlying substrates [39,138]. The material properties of the 2D layers in such devices can 
be externally modulated via mechanical inputs such as bending and stretching, offering interesting 
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multi-functionalities [139-142]. Similar conceptual advantages are projected for 2D TMDs with 
vertically-aligned 2D layers with their integration onto unconventional substrates, particularly 
mechanically flexible ones. In this endeavor, the reliable transfer of the as-grown 2D TMD layers from 
the original growth substrates to the secondary substrates is a prerequisite, which should precisely 
maintain the 2D vertical layer orientation on a large scale. Moreover, the geometry of 2D TMDs with 
vertically-aligned layers should be engineered and tailored in a particular configuration to satisfy 
targeted functionalities demanded in projected applications. Extensive efforts have been devoted to the 
transfer and integration of horizontally-orientated 2D TMDs on flexible substrates for electronic and 
optoelectronic applications [23,101,143,144]. However, integrating 2D TMDs with vertically-aligned 
layers for flexible devices and their structural engineering has been largely unexplored, mainly due to 
the difficulty associated with their reliable transfer and integration on a large scale. Moreover, studies 
on their projected multi-functionalities under mechanical deformation and potential for technological 
applications have remained unavailable until now. 
In this chapter, we report the integration of three-dimensionally ordered 2D TMDs with 
vertically-aligned layers onto flexible substrates and explored their technological multi-functionality 
and feasibility. We first demonstrate a large-area (>2 cm2) CVD growth of 2D molybdenum disulfide 
(2D MoS2) layers in a three-dimensionally ordered pillar form and confirm the vertical orientation of 
constituent 2D layers. We then transfer and integrate the entire vertically-aligned 2D MoS2 layers onto 
PDMS substrates using water without involving any other chemicals. This water-assisted layer transfer 
precisely preserves the original structural integrity of vertically-aligned 2D MoS2 layers, confirmed by 
Raman spectroscopy and electron microscopy characterization. These three-dimensionally ordered 
vertical 2D MoS2 layers integrated on flexible substrates exhibit highly tunable optical absorption and 
surface wettability upon mechanical stretching. Moreover, they present significantly improved 
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sensitivity for water molecule detection compared to conventional horizontally-aligned 2D MoS2 layers 
even under significant mechanical bending. 
6.2 Results and Discussions 
 
6.2.1 Growth and Water Assisted Transfer Process 
 
 
Figure 22: Schematic illustration of the large-area integration of three-dimensionally ordered 2D 
MoS2 vertical layers onto a flexible PDMS substrate enabled by a water-assisted layer transfer 
method. 
 
Figure 22 illustrates the fabrication process for three-dimensionally ordered vertically-aligned 
2D MoS2 layers integrated on flexible substrates. A standard optical lithography process was used to 
prepare an array of silicon dioxide/silicon (SiO2/Si) pillar structures, and the prepared substrate serves 
as a template for 2D MoS2 layer growth. A Mo film was then deposited on the surface of the prepared 
sample, followed by subsequent sulfurization in a CVD chamber. As a result, 2D MoS2 with vertically-
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aligned layers were uniformly grown on any exposed surface of the SiO2/Si pillars, including their side-
walls, as confirmed by extensive electron microscopy characterization. 
A thin layer of PDMS was spin-coated on the surface of the as-prepared 2D MoS2/SiO2/Si 
pillars and was subsequently cured. The entire PDMS/2D MoS2/SiO2/Si substrate was then immersed 
in water and was manually peeled off. Before the peel-off, a corner of the PDMS/2D MoS2/SiO2/Si 
substrate was gently opened with a sharp object, which is intended to facilitate water penetration. The 
completely peeled 2D MoS2/PDMS film maintains the structural integrity of the as-grown vertically-
aligned 2D MoS2 layers as well as their original pattern geometry, predominantly exposing 2D layer 
edge sites on the entire sample area surface. Details for material growth and transfer conditions are 
presented in the Experimental section. It is worth mentioning the following features to which the success 
of the vertically-aligned 2D MoS2 layer growth and their water-assisted transfer is attributed: (1) 
vertically-aligned 2D MoS2 layers are known to grow by the sulfurization of thick Mo films [5,145], 
which is attributed to the competing contribution of internal strain and volume expansion involved in 
the conversion of Mo to MoS2 [25].  As 2D MoS2 layers undergo the initial growth stages, they 
experience the accumulation of the internal strain exerted by the volume expansion of Mo to 
MoS2 owing to the physical confinement of Mo seeds. Such dynamics lead them to redirect the 2D layer 
orientation vertically in a way to release the accumulating strain, as recently confirmed by TEM and 
simulation studies [25]. For the entire 2D MoS2 growth experiments reported in this work, we deposited 
Mo films of >8 nm and sulfurized them via CVD. (2) Facile separation of 2D MoS2 layers from the 
SiO2 surface is attributed to their distinguishable water wettability owing to the surface energy 
imbalance, as previously studied [35,146-148]. SiO2 exhibits hydrophilicity upon water adsorption 
while 2D MoS2, particularly with vertically-aligned 2D layers, presents significant hydrophobicity 
[149-151], which is also consistent with our own observation. Accordingly, once a water droplet gets 
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penetrated at the interface of 2D MoS2/SiO2, it can create significant tension within the 2D layers, which 
is further promoted by the mechanical force and adhesion exerted by the PDMS. 
6.2.2 Morphology of the as-grown 2D MoS2 
Before the characterization of vertically-aligned 2D MoS2 integrated on PDMS, we first 
investigated the morphology of 2D MoS2 layer-coated SiO2/Si pillars to ensure their uniform vertical 
layer growth. Figure 23(a) shows an SEM image of SiO2/Si pillars after the CVD growth of 2D 
MoS2 layers on their surface. Periodically patterned pillars (height: 1 μm, pitch: 2 μm) are observed 
over the entire substrate area (typically, 2 cm2).  
 
Figure 23: Growth morphology of the 2D MoS2. (a) An SEM image of the 2D MoS2 layer coated 
SiO2/Si pillars. The scale bar in the inset is two μm. (b) SEM-EDS elemental maps showing the 
spatial distribution of Si, O, Mo, and S atoms in the pillars. (c) Side-view an SEM image of 2D 
MoS2 layer-coated SiO2/Si pillars. (d) Cross-sectional TEM image of the red box in (c), showing 
the growth of 2D MoS2 layers on SiO2. (e)–(g) Cross-sectional HRTEM images of the A–C regions 
in (d), respectively. All the images show vertically-aligned 2D MoS2 layers irrespective of the 
probed locations. (h) Plane-view HRTEM image of vertically-aligned 2D MoS2 layers revealing 
their 2D layer edge sites. 
 
EDS elemental mapping images in figure 23(b) reveal the chemical compositions of the pillars, 
confirming the high spatial uniformity of constituents Mo, S, Si, and O. Figure 23(c) shows a side-view 
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of an SEM image of the same sample whose detailed morphology (red box) was further investigated by 
cross-sectional transmission electron microscopy (TEM). Figure 23(d) shows the corresponding cross-
sectional TEM image revealing distinguishable image contrasts within the pillar, which confirms 2D 
MoS2 layer growth throughout its entire periphery. The three different regions labeled A, B, and C, in 
figure 23(d), were further inspected by HRTEM, corresponding to figure 23 (e), (f), and (g), 
respectively. Figure 23(e)–(g) clearly shows that the 2D MoS2 layers grown on the SiO2 pillar well 
maintain their vertical layer orientation including its sidewall. Moreover, the vertically-aligned 2D 
MoS2 layers predominantly expose open-ended 2D layer edge sites on the top surface as observed 
in figure 23(f). Figure 23(h) shows a plane-view HRTEM image of vertically-aligned 2D MoS2 layers 
prepared by the CVD growth conditions identical to those for the pillar sample, further confirming the 
presence of the exposed 2D layer edge sites. 
6.2.3 Structural and Optical Characterizations  
Having established the successful growth of three-dimensionally ordered vertically-aligned 2D 
MoS2 layers on SiO2/Si pillar templates, we then investigated the reliability of the water-assisted layer 
transfer process and characterized the integrated vertical 2D MoS2 layers/PDMS. Figure 24(a) shows 
an optical image of a vertically-aligned 2D MoS2 layer-grown SiO2/Si pillar patterned substrate. The 
patterned area shows a vivid visual color reflecting a significant diffraction grating effect owing to the 
presence of the periodically ordered pillars, as shown in the enlarged image. In figure 24(b), highly 
distinct colors are observed from the patterned region of the identical sample with varying the angle of 
the optical camera, further confirming the diffraction grating effect. Figure 24(c) shows the vertically-
aligned 2D MoS2 layers integrated on PDMS, transferred from the identical sample shown in figure 
24(a). It is evident that the integrated region of 2D MoS2 layers presents a vivid optical color similar to 
that observed before the transfer, indicating that the original pattern structures are well retained, as 
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confirmed in the enlarged image. Figure 24(d) shows an SEM image of the same sample in figure 24(c), 
establishing the presence of three-dimensionally ordered patterns transferred from the original pillar 
template. Figure 24(e) shows the corresponding SEM-EDS elemental mapping images, revealing the 
homogeneous spatial distribution of Mo and S which is observed throughout the entire sample 
area. Figure 24(f) compares the Raman spectroscopy profiles of the corresponding sample before (red 
line) and after (blue line) the layer transfer and integration. 
 
Figure 24: Optical microscopy images: (a) large-area vertical 2D MoS2 layer-coated SiO2/Si 
pillars, and (b) color variation of the corresponding pillar patterned area. (c) Optical microscopy 
image of vertically-aligned 2D MoS2 layers integrated on PDMS transferred from the same sample 
in (a). (d) An SEM image of the corresponding vertically-aligned 2D MoS2 layers integrated on 
PDMS. (e) SEM-EDS elemental map showing the spatial distribution of Mo and S in the same 
sample. (f) Raman spectroscopy profiles of the same sample before and after transfer.  
 
It is evident that the vertically-aligned 2D MoS2 layers/PDMS exhibits Raman characteristics 
comparable to those obtained from the as-prepared 2D MoS2/SiO2/Si pillars, further confirming 
the high reliability of the water-assisted layer transfer and integration process. We then 
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characterized the material properties of these three-dimensionally ordered vertical 2D 
MoS2 layers/PDMS and explored their unique functionalities, which are difficult to achieve with 
conventional 2D MoS2 layers. Notably, we focus on the tunability of their optical, structural, and 
electrical properties driven by mechanical deformation. Figure 25(a) and (b) show the images of 
vertically-aligned 2D MoS2 layers/PDMS at uniaxial strain levels of 0% and 30%, respectively. 
The images clearly show that the sample is highly stretchable, retaining its structural integrity upon 
reversible and repeated stretching, as shown in the corresponding enlarged images. The sample 
was confirmed to keep well-resolved 2D MoS2 characteristic Raman peaks even after 30% 
stretching repeated 100 times with a visibly insignificant structural change inspected by optical 
microscopy. We first characterized the optical properties of the sample by performing ultraviolet-
visible (UV-Vis) spectroscopy characterization at a systematically varying tensile stretch 
level. Figure 25(c) shows that the optical absorbance monotonically decreases with increasing 
stretching, which reflects the reduction in the surface–volume-ratio in the given area of the sample. 
Two optical absorbance peaks are observed in the spectral range of 600–700 nm, which correspond 
to A and B excitonic peaks from the K point of the Brillouin zone in 2D MoS2 layers, respectively. 
The observation of these optical absorbance characteristics is entirely consistent with previous 
studies on 2D MoS2 layers, which further confirms the large-area reliable transfer and integration 
of high-quality 2D MoS2 layers onto PDMS [51,52,54,152,153]. We note that these excitonic 
peaks systematically exhibit a slight redshift with increasing stretch, as manifested by the A 
excitonic peak energy shift shown in figure 25(d). Strain induced shifts of excitonic peak energies 
in 2D MoS2 layers have been previously reported, [59,154,155] while the extent of the energy shift 
observed in our sample is not as pronounced as those found in horizontally-oriented 2D 
MoS2 mono-to-few layers [154]. Concerning the experimentally observed optical absorption and 
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excitonic peak characteristic change, the exclusive role of the interatomic layer distance change in 
2D MoS2 layers should be considered as previously studied [156-158]. The strain-driven change 
of Mo–Mo, Mo–S, and S–S bond length distances has been suggested to be responsible for the 
bandgap energy and excitonic peak shifts resulting from orbital hybridization [157]. Although it 
is unambiguous that the contribution of the interatomic layer distance change cannot be ruled out, 
it is challenging to precisely decouple this intrinsic effect from the extrinsic participation driven 
by the surface-to-volume ratio change.  
 
Figure 25: Camera and optical microscope images of vertically-aligned 2D MoS2 layers/PDMS 
under uniaxial tensile strains of (a) 0% and (b) 30%. (c) Optical absorbance of the same sample 
with varying strain levels. (d) Variation of A excitonic peak energy with varying strain levels. (e) 
Optical images of the water contact angle (WCA) with varying strain levels from 0% to 30% strain, 
exhibiting decreasing water contact angle with increasing surface roughness owing to the 
flattening of the sample substrate by applying tensile strain.  
 
The most serious difficulty stems from our materials possessing unique and unconventional 
geometries, i.e., 2D layers are vertically-aligned while uniformly wrapping around 3D post-
structures-which complicates the definition of “in-plane” and  “out-of-plane” strain unlike 
previous studies [158].  
64 
6.2.4 Stretch-Tunable Mechanical Properties 
In addition to demonstrating the tunable optical properties, we studied the stretch-driven 
controllability of the structural properties of vertical 2D MoS2 layers/PDMS by characterizing their 
surface wettability through water contact angle (WCA) measurements. Figure 25(e) shows the trend of 
the WCA value change with varying stretch levels in the range of 0%–30%. The as-prepared material 
at 0% strain presents a significantly high WCA of >120°, thus exhibiting an excellent hydrophobicity. 
With increasing stretch levels, the WCA gradually decreases, yielding a large degree of tunability of 
over >30°, with an applied tensile stretch of 30%. To better clarify the reason for the stretch-driven 
change of the WCA values, we applied the Wenzel equation [159] and observed that the prediction from 
the Wenzel equation only could not fully explain the experimental results. This observation indicates 
the presence of additional factors in governing the surface wettability beyond the diminished roughness 
effect driven by the flattening of the structured PDMS. We note that the WCA values of 2D MoS2 layers 
can be strongly affected by their geographical orientation, which can often realize significantly larger 
surface wettability beyond the numerical prediction from the Wenzel equation. For instance, Choi et al. 
[150] reported that the WCA values of vertically-aligned 2D MoS2 layers on stretchable substrates 
gradually decrease as the substrates become flatter (less textured), achieving surface wettability 
comparable to our cases. 
6.2.5 Flexible Humidity Sensing Properties 
Lastly, we study the electrical properties of the three-dimensionally ordered vertical 2D 
MoS2 layers/PDMS and explore their practical application aspects. We particularly focus on their 
electrical characterization upon vaporized water molecule adsorption, assessing feasibility for humidity 
sensing. The justification for the electrical humidity sensing application is as follows: the material 
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presents (1) an enlarged surface-to-volume ratio owing to the three-dimensional geometry, (2) 
numerous dangling bonds on the surface-exposed 2D layer edges, and (3) high mechanical flexibility 
promoted by the underlying flexible PDMS. Figure 26(a) shows the current-voltage (I–V) 
characteristics of three-dimensionally ordered vertical 2D MoS2 layers/PDMS exposed to vaporized 
water molecules at a controlled humidity level. The current monotonically decreases with increasing 
relative humidity in the tested range of 30% to 90%, which is consistent with the previous observations 
with horizontally-oriented 2D MoS2 layers [160,161]. All the I–V plots show nearly linear isotropy 
indicating that the Ohmic contact of electrodes was well maintained irrespective of the varying level of 
water molecules introduced. Values for the relative change of resistance, R/R0, are obtained at each 
humidity level (black plot), where R0 denotes the reference resistance value at 30% humidity. For 
comparison, two different control samples of (a) vertically-aligned 2D MoS2 layers without patterns 
(blue plot) and (b) horizontally-aligned 2D MoS2 layers without patterns (pink plot) are presented. We 
note that the exposure of 2D layer edges in the vertically-aligned layers presents a significant 
improvement in sensitivity; for example, ∼400% over ∼200% at the same relative humidity of 90%. 
This improvement is attributed to the significantly higher phys- and/or chem-adsorption capability of 
2D edges owing to their numerous Mo/S dangling bonds compared to chemically-inert 2D basal planes, 
which is consistent with recent theoretical prediction [132,135] and experimental verifications [99]. We 
then compare the R/R0 values for vertically-aligned layers with three-dimensionally patterned structures 
(black plot) and without any patterns (blue plot). We note that the patterned sample exhibits significantly 
enhanced (∼7 times) sensitivity over the one without patterns, which is attributed to its increased 
surface-to-volume ratio. We indeed calculated that having the three-dimensionally ordered pillar 
structures (figure 26(a)) enlarges the surface area >5 times over non-patterned samples, drastically 
increasing the area of the active sites for water molecule capture. We further tested the sensitivity of the 
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vertically-aligned 2D MoS2 layers/PDMS upon mechanical bending (red plot) and did not observe any 
significant degradation up to a bending radius of ∼6 mm. Accordingly, the significantly improved 
sensitivity shown in the red and black plots is attributed to the combined results of the increased surface-
to-volume ratio and exposed 2D dangling bonds, while precisely decoupling these two distinct effects 
for better clarification needs further investigation. The observed current decrease with increasing 
relative humidity is consistent with the literature [60,134,160,161] and can be understood as follows; 
2D MoS2 layers are intrinsically n-type semiconductors and tend to donate free electrons upon 
interacting with water molecules adsorbed on their layer edge sites. As a result, the free electrons are 
transferred from the vertically-aligned 2D MoS2 layers which become charge-depleted, resulting in a 
decrease of current as illustrated in figure 26(c). Furthermore, we have investigated the long-term 
stability of our 2D MoS2-based humidity sensors by repeatedly measuring their electrical resistances 
with varying humidity. We have confirmed that they show well-maintained sensitivity even for a month, 
suggesting the structural robustness of the vertically-aligned 2D MoS2 layers whose end surfaces are 
strongly bound to the chemically cured PDMS. In order to quantitatively verify how the orientation of 
2D MoS2 layers affects the sensing capability, we adopted density functional theory (DFT) and 
calculated the adsorption energies of water molecules with varying layer orientation (figure 26(d–f)). 
The DFT calculation results confirm that water molecules are more strongly adsorbed onto the edge 
sites than the basal planes of 2D MoS2 layers; the adsorption energy of one water molecule on the basal 
plane is calculated to be −0.166 eV while those on the Mo and S edges are −1.094 eV and −0.278 eV, 
respectively. The adsorption energy, Eads, of a water molecule on 2D MoS2 layers was calculated 
as Eads = Etot − (EMoS + Ewat), where Etot is the energy of 2D MoS2 layers with an adsorbed water 
molecule, and EMoS and Ewat are the energies of 2D MoS2 layers and a water molecule, respectively. The 
much larger adsorption energy on the Mo edge over the S edge is because Mo, a transition metal, is 
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more prone to form additional atomic bonds over S. The schematic illustration supports this claim in 
figure 26(e), which depicts that the oxygen of a water molecule is directed to the exposed Mo edge- 
opposite to the case of the S edge (figure 26(f)). Although all 2D MoS2 layer edges do not expose 
Mo sites only, it is evident that vertically-aligned 2D MoS2 layers exhibit significantly enriched 
dangling bonds compared to horizontal 2D layers, which guarantees improved reactivity upon water 
molecule adsorption. 
 
Figure 26: (a) I–V characteristics of patterned vertically-aligned 2D MoS2 layers/PDMS upon 
water molecule absorption in the relative humidity range of 30% to 90%. (b) Comparison of the 
relative resistance change with varying relative humidity for patterned vertical 2D MoS2/PDMS 
(black), patterned vertical 2D MoS2/PDMS under bending (red), vertical 2D MoS2/PDMS without 
patterns (blue), and horizontal 2D MoS2/PDMS without patterns (pink). (c) Schematic illustration 
of electron transfer in vertically-aligned 2D MoS2 layers upon water molecule absorption. (d)–(f) 
DFT calculation snapshots of adsorbed water molecules on the (d) basal plane, (e) Mo edge, and 
(f) S edge in 2D MoS2 layers.  
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6.3 Conclusions 
In conclusion, we demonstrate a novel approach to grow, transfer, and integrate three-
dimensionally ordered 2D MoS2 with vertically-aligned layers on flexible substrates on a centimeter 
scale. A water-assisted 2D layer separation process precisely preserves the structural integrity of the 
configured 2D MoS2 layers initially in a three-dimensional form upon their integration, which is enabled 
without involving any undesired chemical etchants. This new form of 2D materials presents a unique 
combination of enhanced surface area, mechanical flexibility, and surface-exposed 2D edge layer sites. 
Moreover, they exhibit the intriguing stretch-driven tunability of a variety of material properties and 
high potential for humidity sensing applications. 
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CHAPTER-7: VERTICALLY-ALIGNED 2D MoS2 FOR 




In recent years, a large number of studies have been demonstrated for efficient gas sensing 
performances. For instance, the conventional metal oxide-based chemiresistive sensors exhibit 
reduced sensitivity and selectivity as they require an elevated operating temperature (~300 0C) and 
a complex fabrication process[162,163]. As an alternative to this strategy, UV light was used to 
remove oxygen ions from the sensor surface, thereby enhancing the removal rate of gas 
molecules[164]. Therefore, these methods are required excessive energy consumption, which is 
safety concerns and reliability issues. 2D MoS2 has been attracting substantial attention over the 
past few years owing to its high adsorption coefficient, enhanced surface-to-volume ratio, tunable 
bandgap, and promising physical, electronic, and optical properties [7,162,163,165-168]. The 
simple transfer/integration process on the flexible substrates, charge transport characteristics, and 
bio-compatibility make 2D MoS2 an excellent candidate for high-performance stretchable gas 
sensing applications[169-171]. However, previously studies 2D MoS2 based sensors suffer a lack 
of room-temperature response, recovery, and significant oxygen adsorption in air. Moreover, their 
unreliable stretchability and lack of robust body-attachable capability make them impractical for 
sensing applications[167,172-175]. Nitrogen dioxide(NO2) is one of the most dangerous 
contaminants which can cause eye and lung irritation and respiratory infections[176]. 
As mentioned in the previous chapters, the vertically-aligned 2D MoS2 layers exposed their 
edges with higher adsorption energy, which contain very high-density d-orbital electrons. These 
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electrons have strong binding interactions with outside environment for sensing gas/biological 
molecules[88,99,177,178]. For instance, Cho et al. reported enhanced gas adsorption properties of 
vertically-aligned 2D MoS2 layers and compared their performance with horizontal layers[99]. 
This sensor exhibits a very low sensitivity at lower gas concentrations. Moreover, mechanical-
tunable functionalities are unexplored in this study. In another study, a low-temperature (200 0C) 
synthesis of 2D MoS2 is presented to demonstrate a flexible gas sensor at room temperature[179]. 
However, this sensor cannot explain higher mechanical stretchability at lower NO2 gas 
concentrations.    
Therefore, it is desirable to develop a highly stretchable NO2 gas sensor to leverage the 
intrinsically high adsorption capability of vertically-oriented 2D MoS2 layers. Moreover, this 
particular property advantage of 2D MoS2 layers can be further promoted as far as we can integrate 
them into the human body or any wearable device. Furthermore, excessive mechanical durability 
of 2D MoS2 is required to incorporate them into wearable devices. This attribute is beyond the 
intrinsic stretchability limits of the atomically-thin 2D MoS2 layer. Moreover, the obstruction of 
room temperature response and recovery, repeatability, and reliability issues observed from the 
metal-oxide based and graphene sensors are need to be addressed [180,181].  
In this chapter, we demonstrate a stretchable room-temperature NO2 gas sensor with the 
water-assisted integration of vertically-aligned 2D MoS2 layers on the PMMA substrate. To 
enhance the stretchability of the gas sensor, we designed a unique horseshoe-like serpentine pattern 
of the 2D MoS2/PMMA. This vertically-aligned 2D MoS2/ PMMA preserves the material quality 
with controlled morphologies/chemistries, which are verified by their extensive Raman 
spectroscopy, X-ray photoelectron spectroscopy (XPS), and HRTEM analyses. Moreover, upon 
applying tensile strain from 0% to 40%, this sensor exhibits electrical, Raman, and photoresponse 
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properties without any noticeable performance degradation. Furthermore, a sensitivity of ~470% 
was obtained from the NO2 gas sensing measurements (0 to 30 ppm). The sensor device exhibits 
gas sensing properties without any performance degradation under the high tensile strain (40%).  
 
7.2 Results and Discussions 
 
7.2.1 Sensor Fabrication Steps 
Figure 27: Schematic diagram of the stretchable gas sensor fabrication process. (a) Metal Mo 
deposition. (b) Thermal sulfurization. (c) Spin-coating with PMMA. (d-e) Water immersion and 
lift-off. (f-g) Mechanically cut the serpentine pattern and remove the extraneous/un-patterned area. 
(h) Gold electrode deposition with a shadow mask.   
 
Figure 27 is the schematic illustration of the sequential growth and transfer process of the 
horseshoe-like a serpentine pattern of 2D MoS2 layers. In the beginning, Mo film was deposited 
on cleaned silicon dioxide/silicon (SiO2/Si) substrate employing the electron-beam evaporation 
method. Subsequently, the deposited film is sulfurized in a chemical vapor deposition furnace, as in 
figure 27(a-b). Therefore, MoS2 films with vertically-aligned 2D layers are grown on the SiO2/Si 
substrate, which is confirmed by transmission electron microscopic characterization. 
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A sub-micrometer-thick PMMA was spin-coated on the as-grown 2D MoS2 and immersed in 
water, followed by manually peeling off with the water transfer method explained in our previous 
studies, in figure 27(c-e) [31]. The MoS2/PMMA film is then carved into a horseshoe-like a serpentine 
pattern with a benchtop programmable mechanical cutter plotter, as depicted in figure 27(f-g). The 
geometry (width: 6 mm, arc angle: 125 degrees) of the serpentine structured 2D MoS2/PMMA was 
chosen based on theoretical simulation results to obtain stretchability ~50%, compatible with 
stretchable/wearable sensor devices. This water-assisted transfer and integration approach 
attributed unique features over traditional non-scalable wet chemical etching and mechanical 
exfoliation methods; 2D layers can transfer without involving any chemical etchant [31]. A 
shadow mask was designed for making gold (Au) electrodes with a modified interdigitated 
structure, as shown in figure 27(h). This water-assisted integration of 2D MoS2/PMMA can retain 
the structural integrity similar to their as-grown states. As-fabricated, a horse-shoe-like serpentine 
pattern can be transferred on to any arbitrary substrate or any part of the human body regardless of its 
curvature/bendability. This serpentine geometrical pattern has distinct advantages in terms of 
mechanical durability; (i) longer length than if it was straight, (ii) more twisting upon stretching, and 
(iii) can completely deform in-plane; therefore it can accommodate larger pre-strain and is compliant to 
higher stretchability to survive many deformation cycles [182-186]. For electrochemical or chemical 
sensing, the orientation of the 2D MoS2 layer is the crucial factor that can be directly observed 
from the HRTEM analysis. Figure 28(a) depicts an HRTEM micrographs of the vertically-aligned 
2D MoS2 layers. It is clear that the as-grown and transferred 2D MoS2 films composed of 
predominantly exposed 2D edges, which can uniformly cover an entire surface area. To estimate 
the thickness of the as transferred 2D MoS2 layers, atomic force microscopy (AFM) was used to 
analyze the topography of the area near the border of the MoS2-PMMA interface, as in figure 
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28(b). The thickness of the MoS2 layers were obtained ~16 nm from the AFM height measurement. 
The optical transmittance of the 2D MoS2/PMMA substrate was measured using an ultraviolet-
visible spectrophotometer over an area of 2 cm × 2 cm, as in figure 28(c). A transmittance of ~70% 
was obtained from the MoS2/PMMA sample and 97% from the bare PMMA within the wavelength 
range of 400 to 800 nm. Owing to the additional light absorption by the 2D MoS2 layers, the 
observed transmittance values were lower in the vertically-aligned 2D MoS2, which are consistent 
with previous studies [88,187-189].   
7.2.2 Chemical/Structural Morphology  
 
Figure 28: Optical, structural, and chemical morphology of the vertically-aligned 2D MoS2 
stretchable sensor by AFM, Transmittance, Raman, and XPS analysis. (a) The HRTEM image is 
exhibiting all vertically-aligned 2D MoS2 layers of the entire sample. (b)  AFM height profile 
measurement of the 2D MoS2/PMMA. (c) Optical transmittance spectra of bare PMMA and 
MoS2/PMMA. (d) Raman spectra obtained from as-grown and transferred 2D MoS2 layers. (e-f) 
The XPS scans for the Mo and S binding energies of the 2D MoS2 layers. (e) The XPS spectra 
(Mo3d core level) of the as-grown 2D MoS2/SiO2/Si (black) substrate and transferred MoS2 film 
on the PMMA (red) substrate. (f) XPS spectra of the S2p core level of the as-grown and transferred 
sample 
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Raman spectroscopy is a versatile technique to determine the structural fingerprint of the 
crystalline structure using quantum mechanical vibration of the molecule. The Raman spectra in 
figure 28(d) indicates a typical in-plane (E1 2g) and out-of-plane (A1g) phonon modes of as-grown 
and transferred 2D MoS2 films obtained at a 532 nm laser line. The Raman spectra reveal strong 
signatures of both in-plane and out-of-plane vibrational modes at 381 cm-1 and 407 cm-1, 
respectively, a clear indication of well-defined growth of 2D MoS2 layers.  The intensity ratio 
(E12g/A1g) is ~0.5, which implies a dominating out-of-plane (A1g) vibration mode than in-plane 
owing to the pronounced exposure of the 2D edge sites of the vertically-aligned layers [6,31,68]. 
To investigate the stoichiometry and the chemical states of the 2D MoS2 films, we used an 
XPS analysis. Figure 28(b-c) depicted the XPS spectra for the binding energies of the Mo3d and 
S2p orbitals of the as-grown and transferred 2D MoS2 samples. Two distinct peaks attributed to 
the doublet Mo 3d5/2 and Mo 3d3/2 from the spin-orbit split of the Mo3d core levels, which are 
located at 229.68 and 232.88 eV binding energies. Moreover, the other two peaks, corresponding 
to the S 2p3/2 and S 2p1/2 orbital of divalent sulfide ions (S2-), which are observed at 162.79 eV 
and 163.97 eV binding energies. These results indicate the existence of Mo and S, with an 
estimated atomic composition ratio is ~1:2.17, usually obtained from p-type MoS2 from sulfur-
rich or molybdenum-deficient environment [190]. Moreover, the absence of the peak at 236.2 eV 
corresponding to Mo-O bonds of the as-grown states indicates the absence of molybdenum oxides 
in our CVD system. However, there is a very negligible (~0.15 eV) increase in binding energy 
observed from the as transferred sample, which might occur due to the water transfer process of 
2D MoS2 layers and the presence of negligibly small oxidation states, as shown from the as-
transferred sample. These moieties can act as a trap state for charge carriers passing through the 
MoS2 layer.  Furthermore, the negligible peak intensity of the binding energy of the Mo orbital 
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indicates the entirety of the Mo atoms have been sulfurized to form a crystalline 2D MoS2 
structure. All these structural and chemical analyses revealed that the transferred 2D MoS2 layers 
on the PMMA substrate well-maintained their structural quality identical to the as-grown states.    
7.2.3 Mechanically Stretchable Functionalities   
To confirm the mechanical stretchability and electrical reliability of the 2D MoS2 layers 
serpentine structures, we first analyzed their electrical properties under systematically applied 
strain from 0 to 50% with a home build motorized linear stretcher. Figure 29(b) depicts the two-
terminal current (I)–voltage (V) electrical transport characteristics from a horseshoe-like patterned 
2D MoS2/PMMA layers. We observed a minimal decrease of current with an increased in 
stretching, indicates that the patterned 2D MoS2 layers well-retained their electrical reliability even 
up to 50% strain.  
Having understood the electrical transport properties of the 2D MoS2, we studied Raman 
analysis under strain. Figure 29(c) shows the Raman spectra of the 2D MoS2 layers at 40% uniaxial 
strains along with its as-transferred 2D MoS2 layers for comparison. Two distinct peaks 
corresponding to intralayer vibrations are observed from the Raman analysis.  We found that the 
interlayer in-plane(E12g) and the out-of-plane (A1g) vibration modes are identical before and after 
transfer. We did not observe any peak splitting (at 40% strain), which is found if strain modifies 
the hexagonal lattice and breaking the symmetry [56,155,191,192]. Moreover, a negligible peak 
shift was found in the in-plane(E12g) mode under 40% strain, while there was no effect of their out-
of-plane (A1g). This observation further strengthened the structural integrity and mechanical 
tolerability of the serpentine structured 2D MoS2 layers at a 40% strain. It is noticeable that this 
study focused on precisely defined large area (>2 cm2) 2D MoS2 layer for stretchable sensor. 
remarkably promoting over the previous studies owing to its synergistic effect of layer orientation 
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control, enhance optical, electrical, and mechanical properties, and excellent stretchable sensing 
capability.   
7.2.4 Stretchable Gas Sensing   
To explore the practical device application, we demonstrated the NO2 gas sensing 
performance with the as-fabricated stretchable sensor. The NO2 gas was introduced to the sensor 
inside a synchrotron acrylic vacuum chamber. A commercial NO2 gas-sensor was placed inside 
the vacuum chamber to monitor precise gas concentration; details are explained in the 
experimental section. The real-time current change of the sensor was monitored from the current 
(I) vs. time (T) measurement (figure 29(d)) by applying a constant voltage of 7V. The current 
changes dramatically with the time by introducing precisely controlled NO2 gas concentrations 
from 0 to 30 ppm. We observed that the current gradually increases with increasing NO2 gas 
concentration from 5 ppm to 30 ppm, consistent with the previous observation of the 2D MoS2 on 
flexible PET substrate[179]. The sensitivity of the sensor is defined as Sensitivity (S) %=(Ig-
Io)/Io×100%=(ΔI/Io) ×100%, where I0 and Ig indicate the currents of the sensor under air and analyte 
gas, respectively. By applying the NO2 gas concentration from 0 to 30 ppm, the sensor exhibited 
a very high response of approximately 470%, as shown in figure 29(d). This significantly improved 
sensitivity attributed to the combined effect of the higher surface-to-volume ratio and exposed 2D 
dangling bonds owing to the vertically orientated 2D MoS2 layers grown in our CVD system.  
To demonstrate stretchable sensing performances, we further tested gas sensing properties 
of the vertically-aligned 2D MoS2 layers/PMMA upon uniaxial strain 40% at a constant gas 
concentration (5 ppm in this case). We did not observe any degradation of the current after 
carefully compare with the unstrained device under identical gas concentrations (figure 29(e)). The 
repeatable response to a periodical introduction of a particular gas concentration (5 ppm in this 
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case) indicates that the sensor well-maintain gas sensing performance. This excellent response is 
attributed to the combination of edge exposed vertically grown 2D MoS2 and the serpentine 
geometry, which further validates structural robustness of the sensor where 2D layers are firmly 
attached to the underlying PMMA substrate. The justification for the enhanced stretchable gas 
sensing properties is as follows: (i) vertically-aligned 2D MoS2 layers exhibited higher surface to-
volume-ratio, (ii) enriched set of dangling bonds on the surface-exposed 2D layer edges, and (iii) 
very high mechanical stretchability owing to the serpentine pattern geometry. The gas response 
was increased by injecting higher gas concentration owing to the increased adsorption between 
analytes and edges of the 2D MoS2 layers.  
 
Figure 29: Mechanically stretchable performance of the device, (a) Camera image under stretching 
from 0 to 70%. (b) Two-terminal electrical (I-V) characterization of the sensor from 0 to 50% 
strain. (c, f) Raman-strain and photocurrent measurement from 0 to 40% strain. (d-e) The real-time 
gas response at 5 ppm, 10 ppm, 20 ppm, and 30 ppm and gas sensing performance at 40% strain.  
 
The principle of the gas sensing mechanism depends on the charge transfer method. In this 
method, 2D material act as a charge acceptor or donor, therefore the conductance of the device 
changes upon inducing analytes. The gas molecules are adsorbed on the surface of 2D materials 
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by the electrostatic forces. The direction of electron charge transfer is determined by the type of 
reactive gas, either reducing or oxidizing. This is likely because the gas molecules are adsorbed 
on the edge sites of the 2D MoS2 layers owing to its intrinsically higher adsorption energy 
compared to their chemically inert terrace sites of the horizontal layers[31]. The stretchable sensor 
based on 2D MoS2 exhibits gas response, which usually observed from the p-type device, as 
explained in the previously reported 2D MoS2 and WS2 based gas sensor. [167,193]. Furthermore, 
we observed the photoresponse characteristics before and after 40% strain without significant 




A facile water-assisted transfer of vertically-aligned 2D MoS2 lyers with a non-
conventional serpentine pattern was used to demonstrate a stretchable NO2 gas sensor. The resulted 
sensor exhibited a high sensitivity of ~470% from 5 ppm to 30 ppm NO2 gas concentration. The 
presented sensor shows NO2 gas sensing without any performance degradation at a 40% tensile 
strain. The combined effect of the vertically-aligned 2D MoS2 for enhancing gas sensing and 
serpentine structure for increased stretchability can be extended to study other gas or biological 






CHAPTER-8: SUMMARY AND FUTURE PERSPECTIVES 
 
In this dissertation, I have studied a CVD growth mechanism of 2D MoS2/WS2 
heterostructure with controlled layer orientations and their direct transfer approach onto 
elastomeric substrates. I then advanced my study and demonstrated a vertically-aligned 2D layer 
separation method with their stretch-driven tunability and a high potential for stretchable humidity 
and gas sensing applications. This dissertation work indicates that the transition from horizontal-
to-vertical growth direction strongly depends on the initial metal (Mo) thickness, and internal 
strain developed during 2D layers growth dictates the growth mode variation. I also demonstrated 
a direct transfer and integration of 2D MoS2/WS2 vdW heterostructure layers on SiO2/Au-based 
substrates with the aid of water-assisted debonding of SiO2/Au interfaces. Moreover, I integrated 
the vertically-aligned 2D MoS2 layers pattern on a flexible substrate with a water-assisted 2D layer 
separation process without involving any undesired chemical etchants. This new form of 2D 
materials presents a unique combination of enhanced surface area, mechanical flexibility, and 
surface-exposed 2D layer edges. Moreover, they offer the intriguing stretch-driven tunability for 
a variety of material properties and high potential for humidity sensing applications. Furthermore, 
I demonstrated a vertically-aligned 2D MoS2 layer serpentine pattern for stretchable NO2 gas 
sensing applications.  
This study will play a vital role in the development of the 2D MoS2 and its heterostructure 
for its scalable fabrication of stretchable optoelectronics devices and sensors. Therefore, this study 
significantly reduces gaps in the existing research study, opening up exciting new challenges and 
opportunities for academic inquiry. 
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There has been a rapid surge of interest and unprecedented progress of the 2D TMDs and 
their heterostructure in the past few years. Additional efforts are needed to develop a scalable 
method to precisely controlled chemical composition, physical dimensions (lateral size and 
vertical thickness), relative orientation, and interfacial contact. A complete understanding of the 
various combination of the 2D heterostructure and their devices are yet to be developed to unlock 
their full potentials. The combination of increasing edge density (3D-pillar structure) and 
stretchability (serpentine pattern) can be used to design a high-performance, versatile sensor. 
These pave the way for developing a high-performance multifunctional sensor for the stretchable 
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